Network Synthesis Using Internal Dynamics of Operational Amplifiers by Siddiqi, Muzaffer Ahmad
NETWORK SYNTHESIS USING INTERNAL DYNAMICS 
OF OPERATIONAL AMPLIFIERS 
ABSTRACT 
Thesis Submitted for the Degree of 
DOCTOR OF PHILOSOPHY 
in 
ELECTRICAL ENGINEERING 
by 
Muzaffep AkmacI Sidtdiqi 
v'^.^Kii 4 
DEPARTMENT OF ELECTRICAL ENGINEERING 
Zakir Husaio College of Engineering and Technology 
Aligarh Muslim Universitj, 
Aligarh (India) 
September, 1979 
:...r L.' - • - • • ' Y 
Network Syiit:iiiasi8 Using lDt«mal Dynamics o£ Operational 
Aanpli£iars 
by 
Muzaffer Ahmad Qiddiqi 
k thaais to ba submittad to t^e Oapt, 
of 
KIectri.caX Enginaaring 
Z, H. CoXlaga o£ Engg. & Tach,, 
A. M. V,, ««iigarh« INQlA 
for tha dagraa of 
DOCTOR OF PHlLOSOPRSr 
in 
Elaetrieal Cnginaaring, 
Th« basic iQt«it of th« thes i s i s to give «ctiv»»R 
r«ai isat ions o£ natwork functicms* which ar« attract ive fifoai 
th@ oonsideration8 of porforroecca and falaricatioR in IC forsi. 
The internal dyna^cs of m QK viz** i t s frequancar sens i t ive 
gain* i s utiXised in the design of capacitorleas active nettoorHs, 
ithidi have reiii^^Ie h i ^ frequency operation* With 741»type 
Ohm, the circuits* in general* give satisfactory performance 
t i l l aidoiat aoo KHx i«ithout using predistortion tecSmique* The 
work i s organised into s ix chj^ter. In dhi$>ter i« we give an 
introduction to ©cttve-R netwjrka, elongwith a brief review of 
the important oontributicofis in th© f i e ld . Both the existing* 
as well as* ne«r t ec^ iques are outlined which may be used in 
active»ll synthesis. The »ain source of Av ia t ions in the 
performance, via.* the non-idealness of m Oh* are discussed 
so that where neeessacy* corrective measures raay be 4pployed, 
The conducted investigations are reported in C3iapt@r 2 to & and 
the overall considerations are given in Chapter 6 . 
Chapters 2 and 3 deal with active-R real isat ion of 
inductors* wmna and c«s>acitorsf the resulting c ircu i t s being 
of in teres t to direct forsi synthesis . In ch«^ter 2 a non*ideal 
grounded inaictence (OX) i s real ised using an OA «id &>ur r e s i s -
tanees . frequency lindtaUon studies are made* irfiich show that 
ths e ireu i t have large frequancy range of operation, vl».* more 
%hm i© times over the a c t i v e RC inductmnce simulator c i rcu i t s . 
Xt snjoys lew L - s s n s i U v i U e s , but has h l ^ Q-s^rasitivities. 
Tbtt GZ l a potantiaXly unstable and raquiraa a careful aaaign 
for high*0 values. Another OX siMUiator l a raaliawd ualng 
same ect lve and passive oon^ponent count. Zt retains the edvan* 
tages of the previous c ircui t and in addition, has vary low 
aena i t iv i t i e s and i s absolutely steJ^le. Both c ircui t s are then 
extended to rea l i se «etive->R floating inductances (FZs) using 
Dutta Roy's technique. Esqperimental results are included. To 
divnonstrate the practical x i t i i i ty , the simulated inductors are 
used in the reelisati^m of seconc^order f i l t e r sact ions . A novel, 
low component active-R c ircui t i s given for the realization of 
FZ, Basically* i t uses a oon^ponent count of only two OAs end two 
res istances . The eircxtit has very low act ivo end passive sensi-
t i v i t i e s to both, inductance (L) and quality factor (0) , and has 
a good high frequency perfonrance. Zt i s eas i ly cxoaverted into 
two GZs* which retain the qual i t ies of the FX. 
An active-^ realisation of gro\mded FCKR using two OAs 
i s given. Zt i s extended to rea l i s e floaUng WWR^ Sensi t iv i ty 
and frequency limitation studies are made. A frequenqf dependent 
negative oonductance iVWCi real isat ion i s also included. Ths 
practical u t i l i t y of the FXItR i s dan^onstrated by real is ing a 
lowpass f i l t e r %elth i t . 
The siMwletion of grounded and floating caq;>acitors with 
OAS ana r«sistances i s given in ^ a p t e r 3« Two novel aetivearR 
e ireui ts of grounded capacitor (OC), respeetively, employing one 
and two OAs are givan. A general OC simultor using m exbitrary 
nufli39r,n, of OAs i s also givan md studjL«d for n m 1 , 2 « . . . , 5 . 
Th« two OA OCsim\aator i a , particularly, ahown to asdUbit very 
good quality (Q) ov«r a larga £raqu«ncy r«nga. Raalixatlon o£ 
floating ci«>acitora (FQ i s also givon. Sansit ivity atudies 
for the 6C tfid FC uodar ndsnatdi oc»iditionaf ara aada« The 
active-R capacitora aiMUlaUons, along%dt)i the inductor and FWR 
eimulationa of chapter 2 are examined for uae in the direct form 
syntheais using iosnitttfice aintulation and FCKR •qpproachoi to 
t e a l i s e oon^lete active»E networka. Imnittence aiinulati<^ tech-
niqfue i s alao aa^loyed in the real iaat ic^ of a low ooinpc»)?nt 
sinwave o s c i l l a t o r . The oac i l la tor uses two OAs end four r e s i s -
tances end i t s practical frequency range extends i^to 200 KHs 
with 741-type of OAs. I t is« bas ical ly , a fived frequency o s c i -
l l a tor but mecr ^e used as a variable frequeocy o s c i l l a t o r id.th 
the b ias control of the OAs. The theory i s es^orimantally 
veri f ied. 
Active-H networks are alao real ised from th« «ell<e«tift>-
l isked exist ing active RC networks by replacing the external 
capacitors by the sinulated ones. The methods i s experlmantally 
ver i f ied . 
Chiqiiter 4 vid S are devoted to the caacade form of aetive-R 
synthesis . Zn cheptter 4, m active-R nultifunction biquadratic 
f i l t e r i s real ised by using a cascade of two integrator type net-
werlca with fee49aek si^tala applied tc the inverting teradnals of 
OAs freii appropriate pointa in the c i rcu i t . Zsiportent second-ordex 
f l l tttrs ATft obtalnttd £jroB) tha gmttsal block, A erlticcX 
sens i t iv i ty studtif i s m«d« with r«sp<ict to active and pessive 
parameters. Design procedure i a given. A cr i t i ca l per£onaance 
assessment o£ the f i l t e r i s made and ooR^ared with a siraiXar 
exis t ing f i l t e r . SapariBtMital r e s i s t s are included. 
Generally* the two OA aitati function biquads suffer from 
loading probleons. In Chapter S« the generation of most general 
load insens i t ive active->R biquad i s cr i tca l ly studied^ vih&n the 
ccffl^lete circuit* including the * summer* uses same type of OAs. 
The use of same OAs in a c ircuit i s en important consideration 
in ZC fabrication. Effect of the sumner's pole on the performance 
oi* origtnel secondUorder f i l t e r sections i s invest igat >d in 
d e t a i l . Some importwt ooncluaicms are drawn «)d are verif ied 
esqperiment al ly . 
f ina l ly , in chapter 6, the main oontributione of thes is 
are summarised* together with discussic^s &a ths scope of fur. 
ther work. 
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ABSTRACT 
The u t i l i z a t i o n of i n t e r n a l dynamics o f o p e r a t i o n a l 
a m p l i f i e r s (OAs) i n c i r c u i t d e s i g n , c o n s i d e r a b l y improves 
t h e h i g h f requency p e r f o r m a n c e o f a c t i v e RC n e t w o r k s . I n 
a d d i t i o n , r e q u i r e m e n t of e x t e r n a l c a p a c i t o r may b e e l i m i -
n a t e d ; t h u s , making t h e r e s u l t i n g ' a c t i v e - R ' n e t w o r k s 
a t t r a c t i v e fo r i n t e g r a t i o n . The t h e s i s i s b a s i c a l l y c o n c e r n e d 
w i t h t h e a c t i v e - R s y n t h e s i s of n e t w o r k f u n c t i o n s i n a form 
s u i t a b l e f o r IC f a b v . . a t i o n . A new t e c h n i q u e , v i z . , t h e 
d i r e c t form s y n t h e s i s i s g i v e n . I t i s c l a s s i f i e d i n t o t h e 
i m m i t t a n c e s i m u l a t i o n approach and t h e f r e q u e n c y d e p e n d e n t 
n e g a t i v e r e s i s t a n c e (FDNR) a p p r o a c h . The methods a r e d e s -
c r i b e d and s t u d i e d i n d e t a i l s . A number o f s t a b l e act ive-- '^ 
component s i m u l a t o r s a r e g i v e n and c r i t c C a l l y examined f o r 
t h e i r a p p l i c a t i o n s i n d i r e c t form t e c h n i q u e s . Some two ere. 
t h r e e OA b i q u a d r a t i c f i l t e r s h a v i n g m u l t i f u n c t i o n a l r e s p o i s o s , 
a r e r e a l i z e d and t h o r o u g h l y s t u d i e d f o r u s e i n a c t i v e - R c a s -
cade form s y n t h e s i s . Al'' t h e c i r c u i t s g iven i n t h e t h e s i s 
a r e examined, b o t h , p e r f o r m a n c e and f a b r i c a t i o n p o i n t - o t - - ' ' ; "ws , 
T h e s e a r e b r i e f l y d i s c u s s e d b e l o w . 
A low component g rounded i n d u c t a n c e (GI) s i m u l a t o r , 
GI-A, i s g i v e n . I t i s e x t e n d e d t o r e a l i z e f l o a t i n g i n d u c t a n c e 
(FI) , F I - A . The L - s i m u l a t o r s p o s s e s s a t t r a c t i v e f e a t u r e s , 
e x c e p t f o r h a v i n g h i g h Q - s e n s i t i v i t y and p o t e n t i a l i n s t a b i l i ! : y 
i n r e a l i z i n g h i g h e r v a l u e s o f Q. Nex t , t h e g r o u n d e d and 
f l o a t i n g i n d u c t o r s , GI-B and F I - B , a r e g i v e n which overcorac 
t h e above l i m i t a t i o n s and, i n a d d i t i o n , r e t a i n t h e a d v a n t r c e s 
o f GI-A and FI-A„ A f l o a t i n g i n d u c t o r i s r e a l i z e d which c . 
t h e l o w e s t component coun t , v i z . , two OAs and two r e s i s t c . \ 
among a l l the availaJDle c i r c u i t s . I t has the v e r s a t i l i t y of 
conversion to two G I ' s . 
FDNRs and FDNCs are also simulated using OAs an"d r e s i s -
t o r s . The c i r cu i t s for grounded FDKR/FDNC use a low component 
count of only two OAs and a r e s i s t o r . The simulators are 
s t ab l e and enjoy very low s e n s i t i v i t i e s . Float ing FDNR and 
FDNC are also rea l ized and s tudied. The FESMR simulator 
suf fers from high component count. 
Active-R grounded capaci tor (GC) simulators are rea l ized 
and c r i t i c a l l y examined. The one OA GC-simulator has low 
s e n s i t i v i t i e s and i s su i t ab le for rea l iz ing medium Q values. 
The two OA c i r c u i t also has low s e n s i t i v i t i e s and, in addition; 
simulates high qual i ty capac i to rs . Circui ts using higher num-
ber of OAs (greater than two) are also studied, but the advan-
tage gained i s not suf f ic ient to ju s t i fy the increase in the 
number of OAs and power requirements, A low s e n s i t i v i t y high 
qua l i ty f loat ing capacitor i s rea l ized , the c i r c u i t , however, 
uses a high component count and requires c r i t i c a l matching in 
c i r c u i t elements. 
The component simulators are u t i l i z e d in the immit-
tance simulation and FISSIR techniques to active-R d i r ec t 
form synthes i s . The p rac t i ca l appl icat ions of the synthe-
s i s methods are demonstrated by rea l iz ing active-R f i l t e r s 
and o s c i l l a t o r s . The theory i s also supported by experimental 
r e s u l t s . Keeping in view the c h a r a c t e r i s t i c s and l imi t a t ions 
of avai lable simulators, a comparative study i s made of the 
two d i r e c t form techniques. A method is also given for the 
r ea l i za t i on of OA:R networks from act ive RC ones by replacing 
VI 
the grounded and floating passive capacitors by the corres-
ponding simulated capaci tors . 
A technique i s giv-n for the r ea l i za t ion of two OA 
biquad for i t s use in active-R cascade form synthes s . 
Bas ica l ly , i t employs a cascade of two in teg ra to r type net -
work. A c r i t i c a l s e n s i t i v i t y stydy i s made. The design 
procedure i s i l l u s t r a t e d with examples. The c i r c u i t i s c r i -
t i c a l l y compared with a s imilar avai lable biquad. 
A method for the generation of three OA biquads, i s 
given. The rea l i za t ions use active-R f i l t e r s , having any tv c 
types of responses, as the bas ic block (BB) , alongwith, cxc 
OA summer. The complete c i r c u i t , including the summjr, j s 
assumed to use the same type of low pCi,ced commercially 
avai lable OAs, l ike 741. This makes the summer non-ideal -•. I 
the resu l t ing t ransfer function th i rd -o rde r . The effect of 
non-ideal summer on f i l t e r cha rac t e r i s t i c s i s s tudied quanti-
t a t i v e l y . Expressions for maximum usable frequency for per-
missable deviations in the pjrformance are obtained. J-c i s 
seen tha t the t h i r d order effects become important at higher 
frequencies. Detailed experimental r e s u l t s on the two end 
three OA biquads are included. 
( v i i ) 
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I K T R O D U C T I O I\ 
1,0 I n t r o d u c t i o n 
The s p e c t a c u l a r r e c e n t advancements i n t h j 
s o l i d s t a t e t e c h n o l o g y and t h e w e l l >cnown a d v a n t a g e s o.: 
, 48 
t h e i n t e g r a t e d c i r c u i t s (ICs) have made m i c r o m i n i a t u r : . r j( 
f i l t e r s and sys tem an i m p o r t a n t f i e l d f o r e x p l o r a t i o n ' " . 
F o r a p a r t i c u l a r a p p l i c a t i o n , t h e main o b j e c t of d e s i j i "j' 
i s t o s e l e c t a c i r c u i t , which i s o p t i m i z e d t o m a x i n i i ^ 
p e r f o r m a n c e and min imize c o s t t h r o u g h e c o n o m i c a l i n t e g r o -
t i o n . At p r e s e n t , s e v e r a l methods a r e a v a i l a b l e f o r i^h-j 
d e s i g n of l i n e a r n e t w o r k s f o r IC a d a p t a t i o n . Among t -eri, 
a c t i v e RC n e t w o r k s have become most p o p u l a r b e c a u s e of 
f u n c t i o n a l ve r sc i t t l i t y_ j e a s e of IC i m p l e m e n t a t i o n and c c j t 
r e d u c t i o n . Now good q u a l i t y a c t i v e RC f i l t e r s a r e b e i n g 
p r o d u c e d i n h y b r i d i n t e g r a t e d form u s i n g i n t e g r a t e d o p e r a -
t i o n a l a m p l i f i e r s (OAs) and t h i n - o r t h i c k - f i l m c o m p o n e r t s . 
The m o n o l i t h i c OA i s a l m o s t i n v a r i a b l y u s e d as t h e a c t i \ ,j 
d e v i c e , ma in ly b e c a u s e of i t s commerc ia l a v a i l a b i l i t y i i 
h i g h q u a l i t y a t low c o s t and i t s v e r s a t i . l i t y j n t h e s-f v l -
t i o n of o t h e r a c t i v e d e v i c e s . I n l i n e a r a c t i v e n:;twor:ir>, 
t h e s i g n a l p r o c e s s i n g p r o p e r t i e s a r e l a r g e l y d e p e n d a n t 
on t h e t i m e c o n s t a n t s , i . e . , R C - p r o d u c t s . T h e r e f o r 2, 
t h e i n t e g r a t e d f i l t e r s , g e n e r a l l y , h i g h q u a l i t y r e s i :-"arr"^-, 
and c a p a c i t a n c e s a r e f a b r i c a t e d by t h e t h i n - f i l m t e c h - c l c " i 
C o n v e n t i o n a l l y , t t ie d e s i g n of a c t i v e RC c i r c u i :3 
i s b a s e d on t h e a s sumpt ion of i d e a l OA h a v i n g v e r y _ a r ;e 
f r e q u e n c y i n d e p e n d e n t g a i n (A-VOD) . However, a c o n w e r c i a i 
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i n t e g r a t e d OA i s a n o n - i d e a l d e v i c e w i t h a f r e q u e n c y 
d e p e n d e n t g a i n , w h i c h e x h i b i t s a l o w - p a s s c h a r a c t e r i s -
2 1 
t i c . T h i s r e s t r i c t s t h e a c t i v e RC f i l t e r s t o r e l a t i v e -
Si 
l y low f r e q u e n c i e s . I n a d d i t i o n , t h e n o n - i d e a l n a t u r e 
o f t h e a m p l i f i e r h a s l o n g b e e n known t o c a u s e s e n s i t i v i t y 
21 31 
a n d s t a b i l i t y p r o b l e m s ' . T h e e f f e c t o f n o n - i d e a l n e , - 3 s , 
p a r t i c u l a r l y , i n t e r m s o f t h e e f f e c t on m a g n i t u d e a n d 
p h a s e r e s p o n s e s due t o t h e f i n i t e g a i n b a n d w i d t h p r o d u c t 
(B) o f OA and s e n s i t i v i t y w i t h r e s p e c t t o B, b e c a m e 
i m p o r t a n t c r i t e r i o n f o r c o m p a r i s o n o f t h e p e r f o r m a n c e o f 
jr-T, 3 3 , 5 5 , 6 6 , 8 1 „ . , , ^ ^ . , 
f i l t e r s . S u i t a b l e c o m p e n s a t i o n s c h e m e s wex-e 
a l s o d e v e l o p e d t o d e s i g n f i l t e r s w i t h l e s s e r d e p e n d e n c e 
on t h e a m p l i f i e r g a i n c h a r a c t e r i s t i c s ' 
I n an a l t e r n a t i v e a p p r o a c h t o t h e p r o b l e m , t h e 
f r e q u e n c y d e p e n d e n t g a i n o f t h e a c t i v e d e v i c e i n s t e a d o f 
b e i n g c o n s i d e r e d u n d e s i r a b l e i s e x p l o i t e d , b y u s i n g i t 
d i r e c t l y , i n t h e d e s i g n i t s e l f . N o t o n l y i t i n c r e a s e s 
t h e f r e q u e n c y r a n g e o f o p e r a t i o n , b u t may a l s o b e u s e d t o 
e l i m i n a t e t h e r e q u i r e m e n t s o f a l l e x t e r n a l r e a c t a n c e s . 
T h e t e c h n i q u e was f i r s t u s e d w i t h t r a n s i s t o r a s t h e 
2 2— 25 
a c t i v e d e v i c e by C a p p a r e l l i a n d L i b e r a t o r e a n d 
54 P a p h a t i s a n d h u r a t a t o b u i l d p u r e t r a n s i s t o r - r e s i s t o r 
f i l t e r s . I t i s , b a s i c a l l y , t h e g e n e r a l s t a t e - v a r i a b l e 
s y n t h e s i s p r o c e d u r e , u s i n g t r a n s i s t o r a s l o s s y i n t e g r a -
17 t o r . The s c h e m e w o r k s s a t i s f a c t o r i l y i n p r i n c i p l e 
b u t h a s a n u m b e r o f p r a c t i c a l l i m i t a t i o n s : 
i ) r e p e a t a b i l i t y o f p a r a s i t i c t r a n s i s t o r p a r a m e t e r s a r a 
e x t r e m e l y p o o r a n d a r e d e p e n d e n t on t e m p e r a t u r e a n a 
b i a s c o n d i t i o n s ; 
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i i ) the f i n i t e input and output impedances of t r a n s i s t o r s 
require buffering and complicate any tuning procedure 
i i i ) the need for d .c . b ias c i r c u i t r y i n t e r f e r e s with the 
a . c . t ransfer funct ion. These drawbacks l imited the 
further developments of t r a n s i s t o r - r e s i s t o r f i l t e r s . 
I t was, however, soon rea l ized tha t problem asso-
cia ted with l i m i t a t i o n s - ( i i ) and ( i i i ) may la rge ly be 
avoided'if t r ans i s to r s were replaced with OAs, which WCTD 
already extensively being used in the act ive RC synth3:3i'j. 
7 
Allen and Means were the f i r s t to give inductor simula-
to r s in which frequency dependent nature of the OA was 
used in the design. SxJbsequently, the technique was 
applied to tbe r ea l i za t ion of inductors ' ' ' / osc i -
l l a t o r s ^ ' ^ ^ ' ^ ^ and second-order^^'^7, 38, 45, 46 , 59-6 1, 6 3, 6 . , 
78,79,83,84 ^^ high-order35-41, 71-73 ,.^^^^^ ^^.^^ ^^^^^_ 
tors as the only passive component. I t was seen tha t in 
few rea l i za t ions the number of ex te rna l capacitors were 
59 reduced, pa r t i cu l a r l y , tne f loa t ing ones , while in thn 
others , capacitors were completely eliminated by using th,j 
above technique. In the context of our work, we defir •:. 
networks, which use only operat ional amplif iers , r e s i s -
tances and no capaci tors in t h e i r implementation and 
derive t h e i r frequency response from the i n t e rna l dynardc.3 
of an active device, v iz . OA, as the active-R c i r c u i t s . 
Some important advantages of such c i r c u i t s are : 
i) The elimination of external capaci tors makes 
active-R c i r cu i t s highly su i t ab le for microminiaturi za-
51 
t ion , from the considerations of ease in implementa-
t ion and cost reduct ion. 
_ 4 -
i i ) Generally, have low s e n s i t i v i t i e s and good 
s t a b i l i t y . 
i i i ) The design equations describe them accureately 
over a wide ranoe of frequencies and r e s u l t in c i r c u i t s 
with a more predic table and sa t i s fac to ry high frequency 
performance-
iv) They are adaptable from low audio range upto 
several MHz, having a qual i ty factor from below unity to 
several hundreds 
The present thes i s i s , ba s i ca l ly , concerned wit'r 
the rea l iza t ion and study of active-R c i r c u i t s , which 
s u i t IC adaptation. The performance i s c r i t i c a l l y 
studied and where poss ib le optimized. We now discuss 
b r i e f l y the basic techniques used in the active-R synthe-
s i s and review the exis t ing work in the f i e ld . 
1 • 1 Basic Techniques ..in Active-R Synthesis 
From the previous discussions, i t i s evident 
t h a t active-R synthesis i s an offshoot of the act ive RC 
synthes is , where the in t e rna l dynamics of an OA i s 
employed in the elimination of cxtsrnal capac i to r s . 
Therefore, the bas ic techniques used in act ive RC syn-
the s i s are only s l i gh t l y t a i l o r ed to s u i t active-R r e a l i -
za t ions . We now b r i e f l y discuss techniques for active-n^ 
syn thes i s . 
The actiV3-R network r ea l i za t ions may broadly 
be c l a s s i f i ed in to two categories : (i) the Direct Forn, 
Synthesis, and ( i i ) the Cascade Form Synthesis . In th .• 
- 5 -
f i r s t category, the high-order tcansfer function i s 
d i rec t ly synthesized. The d i rec t form methods are based 
on immittance simulation techniques where each L and C 
element of passive f i l t e r has a corresponding act ive simu-
la t ion in the r e su l t ing active-R f i l t e r . The f i l t -^rs , 
which simulate the behaviour of r e s i s t i v e l y terminated LC-
ladders are, generally, be character ized by excel lent 
s e n s i t i v i t y performance. In the d i rec t form r ea l i za t i ons , 
two techniques wil l be considered in d e t a i l s : (a) simulated 
imimittance(inductance - capacitance) approach, and (b) 
frequency dependent negative res i s tance (FDNR) approach. 
In the simulated immittance approach, the high-
order t ransfer function i s f i r s t d i r ec t ly r ea l i zed by 
passive RLC- network. Then a l l the grounded and floating 
inductances and capacitances are replaced by the 
simulated ones, using OA:R networks. Besides, the 
obvious advantage of the well es tabl ished techniques and 
extensive tables on the passive RLC network design being 
89 
avai lable , the simulated inductance and capacitance 
approach often leads to a more s tab le and less sens i t ive 
r ea l i za t ion than those obtained by other d i r ec t or cas-
cade r e a l i z a t i o n s . 
In the FDNR approach , a passive RLC network 
describing the t rans fe r function i s obtained. The ne t -
work i s then transformed into an equivalent network by 
scal ing each impedance of the o r ig ina l network by the 
complex-frequency var iable ' s ' . The new network i s 
obtained by converting an inductor to a res i s t ance , a 
- 6 -
res i s t ance to a capacitance and a capacitance to a frequ-
ency dependent negative res i s t ance , having an input impe-
2 
dance of the form, D/s . Thus, an £<LC network i s t r an s -
formed into an equivalent CR:FDNR network and the synthesis 
problem boi l s down to the r ea l i za t ion of FDNRs and capaci-
t o r s by active-R networks. 
A less d i rec t method of simulating LC ladder f i l t e r s 
i s based on the signal-flow-graph (SFG) approach, where the 
71-73 LC elements are simulated by simple active-R networks 
In the cascade r ea l i za t i on , the t rans fe r function 
i s decomposed in to second- and f i r s t - o r d e r t r ans fe r func-
t i o n s . The higher order f i l t e r i s then a non- in terac t ing 
cascade of the lower order f i l t e r sec t ions . In a second-
order t ransfer function, the pole Q and na tura l frequency 
w are important design parameters and are r e l a t ed to t'l ? 
network elements. Here, post-design adjustments are easy 
to incorporate as each sect ion i s almost always i s o l a t e d 
from the other . I t i s possible to design high order f i l t e r s 
with lower order building blocks, which have ex terna l ly 
cont ro l led c h a r a c t e r i s t i c s . The caseade synthesis using 
active-R building blocks i s used for the implementation of 
high qual i ty active-R f i l t e r s . 
1 • 2 S•^view_oJ_Acti,ye-R_^ etwg^jj^ 
Allen and Means were the f i r s t to suggest tlu; 
u t i l i z a t i o n of p a r a s i t i c capacitance of an OA in the deiacr 
of active-R c i r cu i t s for the simulation of grounded and 
7 
semi-f loat ing inductances . Subsequently, a numb 'r o c 
p r a c t i c a l active-R inductors were given by other researchers , 
- 7 -
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liamoui , Nandi~ and S e n e n c i o • The c i r c u i t s e x h i b i t t n e 
e x p e c t e d f e a t u r e s of r e l i a b l e h igh f requency p e r f o r m a n c e s 
and s u i t a b i l i t y t o IC i m p l e m e n t a t i o n . M o s t l y , t h e ava i la^-xe 
c i r c u i t s a r e f o r t h e s i m u l a t i o n o f g rounded i n d u c t a n c e ('•"1) 
and t h e p rob lem o f f l o a t i n g i n d u c t a n c e (FI) i s l e s s e x p l o r e d . 
Sol iman and Fawzy have g i v e n an a c t i v e - i ^ r e a l i z a t i o n of 3 
s e r i e s r e s o n a t o r c o m p r i s i n g of a s e r i e s c o n n e c t i o n c f r e s i s -
77 t a n c e , c a p a c i t a n c e and FDNR 
From t h e above d i s c u s s i o n , i t i s a p p a r e n t t h a t , 
a l t h o u g h , some component r e a l i z a t i o n s , p a r t i c u l a r l y , -cii-at o l 
t h e GI has been a t t e m p t e d , no c o - o r d i n a t e d e f f o r t has been 
r e p o r t e d on a c t i v e - R s y n t h e s i s u s i n g t h e d i r e c t - f o r m appro 
a c h e s . T h i s i s , b a s i c a l l y , b e c a u s e p r a c t i c a l a c t i v e - R sin.u-
l a t i o n s of a number of components , l i k e , F I , FDNR and capa -
c i t a n c e s a r e n o t a v a i l a b l e . I n t h e p r e s e n t work, active-!- ' ' 
r e a l i z a t i o n of t h e above components a r e g iven and a r e f u r t h a r 
s t u d i e d f o r t h e i r u s e i n t h e d i r e c t form s y n t h e s i s u s i n g (a) 
i m m i t t a n c e s i m u l a t i o n and (b) FDNR-appro aches d i s c u s s e d i n 
s e c t i o n 1 . 1 . To t h e b e s t o f a u t h o r ' s knowledge t h i s i s t h e 
f i r s t e f f o r t i n t h e d i r e c t i o n of d i r e c t form a c t i v e - R 
s y n t h e s i s . 
However, a l e s s d i r e c t a p p r o a c h , t h e SFG t e c h n i a u 2 , 
h a s a l r e a d y been s u g g e s t e d and u s e d i n t h e r e a l i z a t i o n of 
7 1 - 7 3 
a c t i v e - R l a d d e r s . I n t h e method, t h e l a d d e r n e t w o r k 
±3 an a c t i v e i m p l e m e n t a t i o n of s i g n a l flow g raph o f a doubly 
t e r m i n a t e d LG-ne twork . I n d i v i d u a l L - , C- components r e p r e -
s e n t e d i n t n e SFG a r e im^,lamented by s i m p l e a c t i v e - R i n t e g -
r a t o r t y p e n e t w o r k s . 
- 8 -
The c a s c a d e form r e a l i z a t i o n o f a c t i v e - R n e t w o r k s i s 
now i n an advanced s t a g e of deve lopmen t , and an e x h a u s t i v e 
and, a l m o s t , u p - t o - d a t e r e f e r e n c e s a r e a v a i l a b l e i n Brand 
11 
and Schaumann ' s work . The e a r l i e s t one , u s i n g t h i s 
59 
a p p r o a c h i s due t o Rao and ^ r i n i v a s a n , i n which t h e y 
r e a l i z e d a s e c o n d - o r d e r b a n d p a s s f i l t e r u s i n g o n l y one OA 
and one e x t e r n a l c a p a c i t o r . The p i e of t h e OA was u t i l i z e d 
i n t h e r e d u c t i o n o f one e x t e r n a l c a p a c i t o r . Soon Rao and 
S r i n i v a s a n ' and Schaumann r e p o r t e d c o m p l e t e a c t i v e - R 
c i r c u i t s u s i n g o n l y two a m p l i f i e r s and r e s i s t a n c e s . The 
c i r c u i t s r e a l i z e d medium-Q l o w p a s s and b a n d p a s s f i l t e r s . 
Some o t h e r i m p o r t a n t c o n t r i b u t i o n s on t h e r e a l i z a t i o n of 
a c t i v e - R b a n d p a s s and l o w p a s s r e s p o n s e s a r e due t o M i t r a and 
45 78 79 83 
A a t r e , Soliman and Fawzy ' , Swamy e t . a l . and Ta lkhen 
84 
e t a l . . A number o f b i q u a d r a t i c c i r c u i t s r e a l i z i n g more 
t h a n two t y p e s of r e s p o n s e s were a l s o r e p o r t e d . M i t r a and 
45 A a t r e g a v e a two OA b i q u a d u s i n g a r e s i s t i v e summer 
Schaumann gave a s t a t e - v a r i a b l e t y p e a c t i v e - R f i l t e r s e c t i o n 
f o r t h e r e a l i z a t i o n of m u l t i p l e r e s p o n s e . He a l s o showed 
t h e d e s i g n t o b e optimum from t h e p o i n t o f view o f w o r s t c a s e 
s e n s i t i v i t y . Usefu l c o n t r i b u t i o n s were a l s o made i n t h e 
r e a l i z a t i o n of g e n e r a l b i q u a d s by Kim e t . a l . and 
6 9 7o 11 
S o d e r s t r a n d ' . R e c e n t l y , B rand and Schaumann g a v e a 
g e n e r a l a c t i v e - R t o p o l o g y and showed t h a t most o f t h e f i r s t 
and s e c o n d - o r d e r f i l t e r s e c t i o n s , which a r e r e p o r t e d so f a r , 
a r e i t s s p e c i a l c a s e s . I n t h i s t h e s i s , some most g e n e r a l 
b i q u a d r e a l i z a t i o n s u s i n g two and t h r e e OAs a r e g i v e n . 
T h e s e a r e s t u d i e d i n d e t a i l s and t h e r e l a t i v e a d v a n t a g e s and 
d r a w b a c k s a r e c l e a r l y mei&tioned. The l o a d i n g p r o b l e m and 
d e v i a t i o n s a t h igh f r e q u e n c y a r e c r i t i c a l l y examined . 
- 9 -
1 • 3 Opcgra t iona l , . .Ampl i f i e r (OA) 48 
T h a i n t e g r a t e d s i l i c o n m o n o l i t h i c OA, shown i n 
F i g . 1 .1 ( a ) , i s a h i g h g a i n , d i f f e r e n t i a l i n p u t ( t w o i n p i ; t s ) 
a n d s i n g l e o u t p u t v o l t a g e c o n t r o l l e d v o l t a g e s o u r c e . The 
e q u i v a l e n t c i r c u i t o f an i d e a l OA i s g i v e n i n F i g . 1 .1 (b) , 
w h e r e t h e d e v i c e i s c h a r a c t e r i z e d b y i n f i n i t e o p e n - l o o p d . c . 
g a i n (A ) , i n f i n i t e i n p u t i m p e d a n c e (R . ) , z e r o o u t p u t 
i m p e d a n c e (R ) a n d z e r o o f f s e t v o l t a g e ( o u t p u t v o l t a g e , 
V -->. o , i f t h e two i n p u t v o l t a g e s a r e e q u a l , i . e . , V. = V ) . 
.1 c o m m e r c i a l OA i s , h o w e v e r , a n o n - i d e a l d e v i c e w i t h f i n i t e 
v a l u e s o f A , R. , R a n d o f f s e t v o l t a g e . T h e r a n g e o f OA 
o 1 o 
p a r a m e t e r s i s g i v e n i n T a b l e 1 .1 a n d t h e e q u i v a l e n t c i r c u i t 
m o d e l i n F i g . 1 . 1 (c ) . 
TABLE,,- 1 . 1 : P a r a m e t e r v a l u e s o f a c o m m e r c i a l OA 
PARAMETER 
A 
o 
R. 
R 
VALUES 
10"^ - 10^ V/V 
10 - 10 ohms 
50 - 2000 ohms • 
O f f s e t V o l t a g e i 0 . 1 - 0 . 3 mV 
t 
1 
I t i s seen t h a t t h e p a r a m e t e r s o f a modern i r t t , eg ra tcd OA r r e 
v e r y n e a r t o t h e i d e a l v a l u e s , p a r t i c u l a r l y , i n compar i son 
t o oth^^r a c t i v e d e v i c e s . 
I n F i g . 1.2, t h e f i n c t i o n a l b l o c k d i a g r a m o f a 
t y p i c a l i n t e g r a t e d OA i s g i v e n . The f i r s t s t a g e (box 1) i s 
V ( 0 -
C-) 
(-)Vi 
C+>Vn 
- 1 0 -
V{0-
V.d 
OQ •O^O 
(a) 
(b) 
-WW 
Ri 
A { V n - V n 
AVi 
(C) 
-oVo 
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/ 
• O 
K>Vo 
A>O0 
FIG 1.1 ^a> CIRCUIT SYMBOL OF A DIFFERENTIAL INPUT OA 
(b) EOUIVALENT CIRCUIT MOOELOFAN IDEAL OA 
(C) EQUIVALENT CIRCUIT MODEL OF A NON-IDEAL OA 
It 
? l 3 . i . 2 : FUNCTIONAL BLOCK DIAGRAM OF A TYPICAL SILICON' 
INTEGERATED OA. 
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F5G.13: eOOE PLOT OF OPEN-LOOP AND CLOSED-LOOP GAIN 
FOR TYPICAL OA. 
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d i f f e r e n t i a l amp l i f i e r , having two o r t h r e e cascaded stacjes 
of vo l t age a m p l i f i e r s to g ive t h e r e q u i r e d open-loop ga in . 
The nex t s t age i s t h e p u s h - p u l l t o s i n g l e ended conver t e r 
(box 2) t o r e a l i z e s i n g l e ended o u t p u t from t h e d i f f e r e n t i a l 
i n p u t . This feeds a high gain a m p l i f i e r s t age (box 3) , 
which maybe a s i n g l e common-emitter t r a n s i s t o r ampl i f i e r , 
A vo l tage l e v e l s h i f t e r i s connected, as shown in box 4, 
between the high gain s t a g e and t h e o u t p u t s t a g e . I t i s , 
g e n e r a l l y , a c l a s s B complimentry e m i t t e r fo l lower . For 
d e t a i l s , one may see r e f e r ence 48. T y p i c a l l y , t he open-loop 
response , which i s a r e s u l t of such a chain of s t a g e s , i:^ a 
m u l t i p o l e t r a n s f e r function 
A w w w 
A( s) = --2—J=--^—-Y——^ i 1.1) 
(s+wJ (s+wJ (s+w-) 
where w^, w and w^ a re the corner f requencies in the band 
of i n t e r e s t , i . e . , from zero frequency to u n i t y - g a i n c r o s s -
over frequency. A t y p i c a l Bode 's p l o t for open-loop gain 
(1.1) i s sliown in F i g . 1.3, whore a t each c o m e r frequency, 
the s lope i n c r e a s e s a t t h e r a t e of 6db pe r o c t a v e . Also, 
i nc luded in t h e f i gu re a re the c lo sed - loop gain and t h e loop-
g a i n . As long as t h e loop-gain i s l a r g e , the ac tua l closed-
loop gain i s approximately equal to t h e one t h a t would b j 
o b t a i n e d with an i d e a l OA. I t i s c l e a r fromi the f igu re 
t h a t t he loop-gain i s frequency dependent and dec roase s j 
t o 0 db a t t he frequency w a t which the p l o t s i n t e r s e c t . 
Bode 's c r i t 3 r i o n for abso lu te s t a b i l i t y of feedback ampxi-
f i e r r e q u i r e s t h a t the r a t e of c lo su re between the opvj::-loGr 
and the c lo se - loop frequency responses must be l e s s than 
- 1 3 -
12 db p3r o c t a v e . In p r a c t i c e , s u f f i c i e n t phase•margin 
i s p rovided by l i m i t i n g t h e r a t e of c l o s u r e t o 6 db p j r 
oc t ave t o guarantee sa fe o p e r a t i o n by employing RC-comx^onsa--
t i o n ne tworks . This i s shown for a t y p i c a l s i t u a t i o n by t h e 
deshed l i n e s in F i g . 1 .3 . The loop-ga in has , t he reby , been 
modif ied t o r o l l off a t t h e frequency w , which i s l e s s than 
a 
t h e f i r s t n a t u r a l b reak frequency w of the a m p l i f i e r . VJith 
the dominant po le compensation as shown i n F i g . 1.3, tho 
open- loop freqU3ncy response of t h e Oh becomes; 
Aw B 
a a 
where A i s the d . c . gain and w i s t he 3 db angular frequen-
o a -• M 
cy. The term 
B = A w (1.3) 
o a 
i s c a l l e d the ' ga in bandwidth p roduc t ' of t h e OA. I t i s a 
f i g u r e of mer i t of the frequency dependence of OA g a i n . 
Although, a number of methods a r e a v a i l a b l e for the 
frequency s t a b i l i z a t i o n (compensation) of an i n t e g r a t e d OA 
48 by ensur ing tho r a t e of c l o s u r e 6 db per oc tave ; t h e 
t echn ique may b road ly be c l a s s i f i e d i n t o (a) i n t e r n a l 
compensation and (b) e x t e r n a l compensation. In the i n t e r n a l 
compensation, which i s q u i t e p o p u l a t " with i n t e g r a t e d OAs, 
e . g . , 741 - , 747- types , t he open- loop frequency response OL 
an amplif i j i r i s modified by i n c o r p o r a t i n g l ag o r l e a d RC-
network in i t s forward pa th , whi le in the e x t e r n a l compen-
s a t i o n , t he c losed- loop gain c h a r a c t e r i s t i c i s a l t e r j d by 
i n c o r p o r a t i n g RC networks in t h e feed-back p a t h . The n e t 
r e s u l t of e i t h e r technique i s t o have one p o l e , as i n d i -
- 1 4 -
c a t G d i n e q n . ( 1 . 2 ) . 
1 .4 Some ComiriGnts on t h e G e n e r a l Perforrmanco o f Act ivG 
Networks 
The b e h a v i o u r of a c t i v e n e t w o r k s d e v i a t 3 S i n c-^. 
number o f ways from i d e a l o p e r a t i o n and l e a d s t o protoljms o . 
a c c u r a c y , and s t a b i l i t y . T h i s i s , b a s i c a l l y , c o n t r i b u t jJ b;:^  
two f a c t o r s , v i z . , (a) ne twork , s e n s i t i v i t y and (b) n o n -
i d e a l n e s s of o p e r a t i o n a l a m p l i f i e r . S e n s i t i v i t y i s a moasur; 
o f t h e e f f e c t o f t h e change i n t h e nomina l v a l u e o f one o r 
more of t h 5 c i r c u i t e l e m e n t s . G e n e r a l l y , t h e a c t i v e n e t -
works a r e s e n s i t i v e ; t h i s h a s made s e n s i t i v i t y a n a l y s i s -ind 
43 i t s m i n i m i z a t i o n a f i e l d of e x t e n s i v e r e s e a r c h i n t h e p s s t 
T h r o u g h o u t t h i s t h e s i s , s e n s i t i v i t y o f a n e t w o r k f u n c t i o n 
F ( s , x ) t o an e l e m e n t x w i l l i m p l y , 
S ( F ( s x) -x) - S^(s x) = ^iJ=S_Fls^3cLI _ - _ x _ ^ l | ^ x l s u ^ s , x ; , x ; _ 5 ^ ^ s , x ; d( Inx) - F ( S , X ) 3 X 
( 1 . 5 ) 
W^^ a l r e a d y know t h a t a commerc ia l OA i s n o n - i d e a l 
d e v i c e . I f n o n - i d e a l n e s s i s n o t duly t a k e n i n t o c o n s i d e r a -
t i o n i n t h e d e s i g n , i t may l e a d t o s e v e r e p e r f o r m a n c e 
p r o b l e m s . The most s e r i o u s among t h e n o n - i d e a l n e s s o f an 
CA i s t h e frequer:icy dependence of i t s open l o o p g a i n ( 1 . 1 ) , 
(1 .2 ) . I n a c t i v e - R s y n t h e s i s , s i n c e t h e lowpass g a i n 
(1 .2 ) i s i t s e l f employed t o a d v a n t a g e i n t h e d e s i g n o f 
c a p a c i t o r l e s s n e t w o r k s , t h e h i g h f r equency p e r f o r m a n c e 
g r e a t l y i m p r o v e s , a l o n g w i t h , t h e p r o s p e c t s of i n t e g r a t i o n 
of t h e c i r c u i t s . The h i g h e r f r e q u e n c y r a n g e o f such n e t -
works i s d e p e n d e n t on t h e v a l i d i t y o f t h e OA model , d e p i c t e d 
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by the Gqn. (1.2) . For 741-tYPG of OAs, tho c i r c u i t s wor's 
s a t i s f a c t o r i l y bolow 200 KHz. I f p red is to r t ion techniqvjs 
aro usod/ c i r cu i t s with same OAs give sa t i s fac tory porfor-
mancG upto about 700 KHz. In active-R networks, th3 porfor-
mance deviations are, generally, contributed to the orh^.r 0., 
imperfections, which are discussed in the next sec t ion . In 
an actual design, the nonidealness are to be duly taken care 
of to get a r e l i ab l e c i r c u i t performance. 
I t i s desirable , in designing an active network, -chat 
the c i r c u i t should be commercially competitive and have 
prospects for in tegra t ion besides r e l i a b l e porformance in 
terms of low s e n s i t i v i t y , s t a b i l i t y and large frequency range 
of operat ion. For economic in tegra t ion and cost reduction, 
i t i s preferable that the network should use a minimum number 
of components, pa r t i cu l a r ly , condensers. In th i s respect , 
active-R networks offer great a t t r ac t i on over active-RC ne t -
works. Also, in the design large valued resistancv^s should 
be eliminated or minimized. Maximum use should be made oi 
the m-itched cha rac t e r i s t i c s of components and the close 
t racking of components with ambient temperature va r i a t i ons . 
I t i s des i rable to hove f i l t e r parameters in terms of r e s i s -
tr-jnce r a t i o s , rath jr than res i s t ances , and tha t also of 
small spread. Since r a t i o s can be implemented v>?ithin small 
to lerance l imi t s , even in monolithic technology, the 
prospects of t rue in tegrat ion of f i l t e r increases . At 
present , l inear c i r c u i t s are implemented in the hybrid IC 
form. Final ly , for economical f e a s i b i l i t y , as high degre--
of v e r s a t i l i t y as possible should be achieved. Thus, m.ul-
-16-
t iplG rosponsa f i l t e r i n g blocks should be used. 
1 • 5 gJ£o.ct_oJ.OA's .Non-idgalnegs on the Performance! of 
Actiys-R .Networks 
The degradation in the performance of an act ive 
network i s mainly contributed by the nonideal na tu r j oi' an 
0/i. In active-R networks, the most s ign i f i can t non-idoalness 
v i z . , the frequency sens i t ive gain of an OA, has been used 
with advantage in extending the useful frequency range and 
in eliminating external capaci tors . However, the other o.. 
imperfections can also seriously ef fect f i l t e r s performance, 
especia l ly , at high frequencies, and render them useless for 
s ignal processing. In fact, t rue remedy to the problem l i e s 
in improved OA design and i s not very s ign i f i can t ly aff .cr^d 
by b e t t e r f i l t e r design methods. However, the non-ideal 
op -rations should exactly be known to a c i r c u i t designer, 
so tha t to a large extent correct ive measures may be taK^n, 
In t h i s section, we b r i e f l y discuss the affect of OA's 
imperfections on active-R networks and, where poss ible , 
suggest correct ive measures, 
1.5.1 Effect of Temperature and Bias Voltage Drif ts 
Dimensional considerat ions show the dependence 
of active-R c i r c u i t parameters on the gain bandwidth 
products of OAs used in r e a l i z a t i o n s . For example, in two 
OA second-order f i l t e r s , the pole frequency w , and qual i ty 
factor Q a r j , respect ively, proport ional to (B B ) ^ and 
(B /B ) . Similarly, in the simulation of active inductance 
pnd FDNR, the rea l ized values and penmeters are strongly 
-17-
dependent on Bs of the OAs> The B of a commorisially ava i l -
ablG intGgratod OA i s sens i t ive to va r ia t ions with rcspact 
to temperature and b ias voltage d r i f t s . In the range, 
o'~'c - T :.{. 70°C, the var ia t ion in B, for commercially ava i l -
able OAs, maybe as I r rge as 20% . Such changes_in B are 
undesirable and wi l l render active-R c i r c u i t s unsui table , 
p a r t i c u l a r l y , under varying envioronmental condit ions, 
unless some appropriate compensation scheme i s used. Typical 
va r ia t ion of B with temperature and b i a s voltage are, 
respect ive ly , shown in Figs . 1.4 and 1.5. I t i s seen t h a t 
B i s proport ional to T" but var ies almost l inea r ly with V 
in the indica ted ranges. 
We next study some of the important compensation 
methods. Basical ly , these are: (a) schemes using variaj,icns 
in capaci tors or r3s i s to r s to match the var ia t ions in B, 
[h) schemes using j3hase-lock w - s t a b i l i z a t i o n techniques and 
(c) schemes using temperature compensated OAs with regulated 
supply. The three schemes, alongwith, t h e i r r e l a t i v e merits 
are now b r i e f l y described below. 
Rao and Srinivasan gave a simple yet effect ive 
method for the s t ab i l i za t ion of B against temperature and 
b ias voltage va r i a t i ons . Basical ly , the technique uses an 
a t tenuator at the output of each OA, as shown in Fig. 1.5',^) . 
The arrangrsment modifies the d.coperLi-loop gain A by a factor 
^ = R ; - ^ - ^^-^^ 
while the 3 db corner frequency w remains unaltered, ih . 
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gain bondwidta of tho amplifxGr, i s modifiGd to KB. Now k 
i s varied with V or/rjid T in such a way tha t kB remains 
inva r i an t . The var ia t ion with V i s achieved by introducing 
the source to drain res i s tance of a JFET in the se r ies arm 
of the a t tenuator . Bias of the JFET i s adjusted in such 
a way tha t s e n s i t i v i t y of k s i t h V i s equal and opposite 
to tha t of B with V. Similarly, for temp j ra turc compensa-
t ion , a thermistor i s used in the se r ies arm. The arrange-
ment for simultaneous compensation against va r i a t ions m V 
and T i s given in Fig. 1.6 (b) . The emit ter follower i s 
used to lower the output impedance of the arrangement. This 
scheme i s simple and gives good r e s u l t s . Moreover, ir. i s 
completely in t eg rab le . The l imi ta t ions of the scheme are 
t ha t the compensating elements are in the s ignal path ra thar 
than control l ing the b ias points of the OAs. Also, the 
c r i t i c a l matching of temp 3rature coeff ic ients of e l e c t r i c e -
lly different components i s required. This, i s both 
expensive and cumbersome. The problem becomes more compli-
cated, as the number of OAs, with s l i gh t ly d i f ferent charrc-
t o r i s t i e s are employed. 
42 
In another scheme, Mcjans suggested the use of 
negative temperature coeff icient of capacitance to compen-
sa te for the var ia t ions in B with temperature. The scheme 
has s imilar l imi ta t ions as those of the previous method. 
Moreover, i t involves cost ly fabricat ion process and i s 
not su i tab le for p r ac t i c a l c i r cu i t s using commerical C^.j. 
We now discuss some more effect ive methods for the 
s t a b i l i z a t i o n of B. These, b a s i c a l l y , use the dependence 
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of B on the b ias conditions in an OA (see Fig. 1.5) to 
ovorcome temperaturo d r i f t s . The methods are classifiocl 
as (a) open-loop, and (b) close-loop s t a b i l i z a t i o n systems. 
In the open-loop system, a voltage V(T) i s generated, which 
i s based on some predetermined l inea r approximation to the 
behaviour of B(T,V) . The closed-loop system are superior 
and derive the actual monitored var ia t ion of B(T,V) , vip 
w , by Using phase-lock techniques. Thj schemes a r i knc/vi. 
as phase-lock w - s t a b i l i z a t i o n techniques and are shown m 
a block scliematic form in Fig. 1.7. 
15 In the compensation scheme of Brand e t a l . , shown 
in E'ig. 1.7(a), a s ignal from a s t ab le o s c i l l a t o r passes 
through an active-R reference section connected as a lowp^ss 
f i l t e r . The external o s c i l l a t o r and reference f i l t e r 
s ignals are then brought in to a prec ise phase re la t ionsh ip 
by the feedback systems comprising of the phase comparator/ 
i n t e g r a t o r and the bias-con t r o l l e d amplifier B of the 
reference f i l t e r . As a r e su l t , w of the referjnce f i l t e r 
o 
i s locked to the o s c i l l a t o r . Steady-s ta te s e n s i t i v i t y of w 
o 
t o temperature d r i f t s are made zero by control l ing b ias 
voltages V(T) , which i s applied to the OAs of the sign-d-
precessing f i l t e r s . 
In the B s t ab i l i z a t i on technique of Rao e t al , 
the contro l l ing bias voltage V(T) , obtained in the manner 
of reference 15, i s applied to voltage dependent at tenua-
t o r s in the form of JFET res i s tance in the s ignal path of 
the s t a b i l i z e d f i l t e r (Fig. 1.7 (b) ) , ins tead of the OAs. 
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85 Tan and Gray designed high-order low frequency 
(< lOKHz) f i l t e r using monolithic in t eg ra to r s with b ias 
cont ro l lab le gains . The in tegra to rs were fabricatud using 
b ipo la r JFET technology and included on-cl ip se lec tab le 
in tegra t ing capaci tors . Th^^se can bo used at low frequen-
c ies in active-R c i r c u i t s and in a c t i v e ladder c i r c u i t s . 
The temperature s t ab i l i z a t i on technique for the in t eg re t c r s 
(Fig. 1.7 (c)) i s d i r e c t l y applicable to any active-R 
c i r c u i t and also uses a phase-lock approach. In thu method, 
the response o s c i l l a t o r i s made of two b ias con-crolled 
in t eg ra to r s , whose frequency i s locked to the external osc i -
l l a t o r frequency. The generated bias voltage i s applied to 
the in tegra tors of the f i l t e r . 
The phase-lock w - s t a b i l i z a t i o n techniques are more 
complicated than the other schemes, and a r e c lear ly sui ted 
for systems of several f i l t e r s , where they can be implemen-
ted in inexpensive in tegra ted from . They, however, provide 
exc3l lent s t a b i l i z a t i o n not only against temperature var i -
a t ions , but also against d r i f t in bias voltage and aging. 
A simple and convenient method of B s t a b i l i z a t i o n 
i s the use of temperature compensated ( t . c . ) OAs. Sv,cli 
52 
OAs, e .g . , LM 324 , are now commercially avai lable and 
hove about 3.5 per cent var ia t ion in B over a temperature 
range of 0 C<T < 70 C. For general applic>-^tions, the 
var ia t ions are quite small, however, i t may prove too large 
in highly s table f i l t e r applicat ions . At present the 
t . c . OAs are also r e l a t i ve ly cos t ly . As a r e su l t , the 
compensation technique i s more su i t ab le fo r r e l a t i v e l y 
25 
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simpler systems using not too many OAs. For b i a s voltage 
d r i f t s , use of regulated supply i s recommended. However, 
with the increasing use of active-R networks, i t i s hoped 
tha t the demand of t . c . OAs wil l increase, which in turn, 
wi l l not only improve the temperature s t a b i l i z a t i o n 
property of the OAs to s u i t most s t r ingen t signal processing 
requirements/ but wil l also lower t h e i r cost . 
1.5.2 Effects of OAl^ s. Excels Phase 
I t i s observed t h a t active-R f i l t e r s designed on 
the bas i s of the single pole ro l l -o f f c h a r a c t e r i s t i c (1.2) : 
A=B/(s+w ) , exhibi t Q-enhancement a t higher frequencies, i . e . , a 
above 100 KHz for 741-type of OAs. I f the frequency i s fur-
ther increased, Q values become very large and the c i r c u i t 
may become unstable . The Q-enhancement and ul t imate unstabi-
l i t y i s due to excess phase exhibited by OAs at higher fre-
quencies. For such frequency range, a number of OA models 
have been suggested in l i t e r a t u r e ' . A model which gives 
good f i r s t -o rde r approximation and displays considerable con-
13 venience in calculat ion i s 
•t^ a 
where the term e~^ gives the delay, Z , or the excess 
phase, -wf . The excess phase representat ion accounts for 
the high frequency performance deviat ions in active-R 
networks and i s shown in Fig . 1.8 for 741-type of OAs. 
Brand and Schaumann have shown tha t the effect of excess 
phase on the pole frequency i s neg l ig ib le but the Q of 
the c i r c u i t i s dominantly a'tfected.For the general second-
order f i l t e r section of reference l l , actual Q i s given by 
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Q^ «; Q/ (1 - 2Qw^r ) (1.8) 
I t i s sean tha t magnitude er ror i s i n s ign i f i c an t and 
neg l ig ib le for second-order sect ions , howevsr, the phase 
e r ro r i s appreciable .and r e su l t s in the slai i t ing of the 
c h a r a c t e r i s t i c desir^^d level pass band (Fig. 1.9) in multiple 
feedback bandpass f i l t e r s . As expected, t h i s behaviour i s 
not observed in cascade f i l t e r s , whire no feedback ex i s t s 
around sections and, therefore , phase error does not affect 
the overa l l magnitude c h a r a c t e r i s t i c . 
The s l an t in the t ransfer c h a r a c t e r i s t i c of multi feed-
back f i l t e r s can be corrected by tuning, but a systematic 
tuning procedure has not yet been developed. Also, phase-
lead compensation may be used for removing the affects of 
excess phase. However, both the methods are only s a t i s f e c -
to ry at constant temperature, as 1C i s a function of tomperr---
t u r c . Techniques s imi lar to the ones discussed using ph-'se-
lock appraoch may be used for excess phase in OAs. -i p r e c t i -
cal solution, once again, seems to be in the design of spe-
c i a l l y compensated amplif iers . 
1.5.3 Effect of OA's Slew Rate 
Slaw ra t e (S ) i s defined as the maximum possible 
^ dV I 
r a t e of change of output voltage in an OA, v i z . , S ^-^--• 
max 
I t i s present because of the capaci t ive loading, e i t h e r at 
i n t e rna l points or a t the output of an 0/;. For sudden change 
in the input voltage, the output V cannot instantaneously 
respond due to capaci t ive loading, and the feedback to the 
input i s delayed. This derives the amplifier in to sa tura t ion 
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u n t i l t h e f e e d b a c k v o l t a g e can r e s p o n d , so a d i s t o r t e d o u t p u t 
wave a p p e a r s a s a t r a n s i e n t . T h e n o n - l i n e a r i t y d u e t o S i i . 
OAs a f f e c t s t h e p e r f o r m a n c e o f f i l t e r s a n d o s c i l l a t o r s r n d 
s e v e r a l y l i m i t s t h e s i g n a l h a n d l i n g c a p a c i t y (SHC) o f t h , ; 
c i r c u i t * . T h e OA m o d e l s w h i c h t a k e t h e s l e w r a t e l i m i t a t i : . r - 3 
i n t o a c c o u n t a r e a v a i l a b l e , e . g . , r e f e r e n c e s 6 and 32 , c'nd 
may b e u s e d to- d e t e r m i n e t h e h i g h f r e q u e n c y l i m i t a t i o n s due 
t o 3 . S i n c e t h e r a t e o f c h a n g e o f o u t p u t v o l t a g e . c r e s s 
t h e l o ' d i n q c : v p a c i t o r C i s ^ t h e c u r r e n t I t h r o u g h i t , vje 
h a v e 
dV , I 
^ r - d t C 
max !max 
I , 1 /max 
w h e r e I , i s t h e c h a r g i n g c u r r e n t and i s p r o p o r t i o n a l t o t n e 
b i a s o f Oil. T h i s makes S v a r y l i n e a r l y w i t h s u p p l y v o l t a g e 
F o r s i n u s o i d a l s i g n a l s , t h e maximum s l a w r--ite i s 
S =r w V . 
r / max om 
T h e maximum a m p l i t u d e t h a t can b e h a n d l e d b y a m p l i f i e r w i t h -
o u t i n t r o d u c i n g d i s t o r t i o n i s a f u n c t i o n o f t h e p r o d u c t o f 
v o l t a g e a n d f r e q u e n c y a n d i s g i v e n b y : 
V = S / w . ( 1 . 6 ; 
om r , max 
*SHC i s t h e p e a k m a g n i t u d e o f t h e maximum u n d i s t o r t e d 
o u t p u t v o l t a g e a t any f r e q u e n c y , a s s u m i n g a s i n g l e f r e -
q u e n c y s i n e wave s i g n a l . 
29 
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FIG^I-SJ DEVIATIONS IN MAGNITUDE CHARACTERISTIC 
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FIG-MO: MEASURED MAGNITUDE RESPONSE OF A 
SECONO-ORDER BANDPASS FILTER SUBJECT 
TO VARIOUS INPUT SIGNAL LEVELS. 
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Th3 slow rote montionod in OA data sheet are brsod on ] „ 
mensurernent. Thjir use in (1.8) leads to highly optimistic 
result. It is, therefore, necjss iry that V should be 
om 
exi3orimentally measured for a given O/^  under sinusoidtii 
operat ion. 
1.5.4 Dynamic Range 
The dynamic range of a c i r c u i t i s defined 
o i l as 
V 
on 
where, in the frequency range of i n t e r e s t , ^ m ^^ '^^^ m-.x---
mum d i s to r t i on l e s s output voltage and E i s the t o t a l r . . ,3 
noise voltage measured at the f i l t e r output with inputs 
grounded. I t i s r e s t r i c t e d by the frequency limitc-'tior-^ c-
the OA a t higher frequencies. Violation of the diTiamic r^rr^ 
l imi ts of active-R f i l t e r s can produce serious distorLior^ 
in the f i l t e r ' s t rans f3r c h a r a c t e r i s t i c s , as shown in 
F ig . l . l o , and can also r e s u l t in s ignal d i s t o r t i o n . I t i s 
s jen x:h i t even small v io la t ions of l i n e a r i t y cons t ra in t s , 
caus3 an apparent docrjase in w , coupled with marked 
o 
asi-mmetery in the .3 db po in t s . A furth 3r increase in s i g r r l 
Iv-vel l3ads to the well known 'jump phenomenon' . Th^r^for:. 
for d i s to r t i on le s s output i t i s necessary to work at low 
signal 1 ;vels within th^ dynamic range l imi ts imposed by > 
p a r t i c u l a r c i r c u i t . 
The maximum d i s to r t i on l e s s output s ignal at low r'r_--
quencies i s l imited by OAs output voltage or current I i r i - -
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t i o n s ; a t h igh f r a q u a n c i e s , t h e l i m i t i s s o t b y t h e OA's 
s l ew r o t e . V(w)„ i s d e t e r m i n id e x p e r i m e n t a l l y f o r g i v j n 
max 
O/i. The c i r c u i t must s a t i s f y t h e c o n s t r a i n t : 
m a x f ^ n I V ^ ^ ^ ] = -^"^M ^ok^ ^^^U-^max^ "^ ^^-^^^ 
for k = 1, 2, V in (1.9) is determined from ( 1. lo) . The 
noise voltage E is evaluated by replacing resistors and 
OAs by their respective noise models, and the contribution 
of each noise source is calculated under the assumption that 
1 1 88 
all sources are uncorrelated ' , E may also be measured 
on 
e x p e r i m e n t a l l y . 
1 . 5 . 5 E j f e c t o f ^Output Impedance and..Common„_Mode Re ]ection 
R a t i o (GMMR) 
F o r commerc ia l OA of 7 4 1 - t y p e , s p e c i f i e d o u t p u t 
impedance Z and CMMR a r e o f t h e o r d e r o f 75 ohms and 90 ':3b, 
o 
r e s p e c t i v e l y , a t low f r e q u e n c i :2s and t h e s e do n o t c a u s e any 
d e v i a t i o n s i n t h e f i l t e r p e r f o r m a n c e . However, a s t h e 
f r equency i n c r e a s e s , Z , which i s r e s i s t i v e i n c r e a s e s r a p i d l y 
and a-'iMR d e c r e a s e s , i n t r o d u c i n g s e r i o u s p e i ^ t u r b a t i o n i n t h e 
f i l t e r p e r f o r m a n c e . Most e f f i c i e n t approach t o compensa te 
14 f o r t h e s e e f f e c t s i s t h a t of p o s t d e s i g n t u n i n g 
1 .5 .6 E j f e c t of P a r a s i t i c C a p a c i t a n c e s 
T h i s e f f e c t a l s o p l a y s i t s p a r t c^ h i g h e r f r e -
q u e n c i e s . I t changes t h e p o l e f r equency vj s l i g h t l y , b u t 
t h e p o l e q u a l i t y f a c t o r Q may b e d r a s t i c a l l y a l t e r e d . Degree 
f t h e e f f e c t of p a r a s i t i c c a p a c i t a n c e depends m a i n l y en 
t h e c i r c u i t t o p o l o g y and i s s i m i l a r t o t h a t o f t h e a m p l i f i e r 
d e l a y . The p rob lem can b e s o l v e d by t u n i n g . 
o 
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1 • 6 ScopG of ,the Disscgrtation 
Tho bas ic in tan t of the thes i s i s to givo ac t ive-
R r ea l i za t i ons of network functions, which arc a t t r a c t i v e 
from the considerations of performance and fabr icat ion in 
IC form. The in t e rna l dynamics of an 0/i, v i z . , i t s frequency 
s ens i t i ve gain (1 .2) , i s u t i l i z e d in the design of capaci tor-
l e s s ac t ive netvjorks, which have r e l a i ab l e high frequency 
op3rat ion. With 741-type Oks, the c i r c u i t s , in general, giv^ 
s a t i s f ac to ry performance t i l l about 200 KHz without using pra-
d i s to r t i on technique. The work i s organised in to s ix ch.-peers 
In chapter 1, we give an introduct ion to active-R net^vorks, 
alongwith a b r i e f review of the important contr ibut ions in th , 
f i e ld . Both the exis t ing , as well a s , now techniques ~re 
out l ined which may be used in active-R synthes is . The main 
source of deviations in the performance, v i z . , the non-ideal-
n "jss of an OA, are discussed so tha t where necessary, 
corr:)ctive measures may be employed. The conducted i n v e s t i -
g-'tions are report d in Chapter 2 to 5 and the overa l l consi-
derat ions a r e given in Chapter 6. 
Chapters 2 and 3 deal with active-R rea l i za t ion of 
inductors , FDNRs cind capaci tors ; the resu l t ing c i r c u i t s being 
f i n t e r e s t to d i r j c t form synthes i s . In chapter 2 a non-
idea l grounded inductance (GI) i s r ea l i zed using an OA and 
four r e s i s t ances . Frequency l imi ta t ion studios are made, 
hich show that the c i r cu i t have large frequency range of 
oparat ion, v i z . , more than 10 times over the act ive RC 
inductaxice simulator c i r c u i t s . I t enjoys low L - s e n s i t i v i t i ^s, 
but has high Q-sens i t i v i t i o s . The GI i s po ten t i a l ly unstable 
o 
w 
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and requires a careful design £or high-Q values . Another 
GI simulator i s rea l ized using same ac t ive and passive 
component count. I t r e t a ins the advantages of the previous 
c i r c u i t and in addition, has very low s e n s i t i v i t i e s and i s 
absolutely staJDle. Both c i r c u i t s are then extended to rer-lize 
active-R float ing inductances (FIs) using Dutta Roy's 
27 
technique . Experimental r e su l t s are included. To 
demonstrate the p rac t i ca l u t i l i t y , the simulated inductors are 
used in the r3al iz ation of second-order f i l t e r sections. A 
novel, low component active-R c i r c u i t i s given for the r e a l i -
zation of FI . Basical ly, i t uses a component eount of only 
two OAs and two r e s i s t ances . The c i r c u i t has very low active^ 
and passive s e n s i t i v i t i e s to both, inductance (L) and qual i ty 
fac tor ( Q ) , and has a good high frequency performance. I t is 
eas i ly conv^rt^d in to two GIs, which re ta in the q u a l i t i e s of 
the FI . 
An active-R rea l i za t ion of grounded FDNR using two 
OAs i s given. I t i s extended to r e a l i z e f loat ing FDNR. 
Sens i t i v i t y and frequency l imi ta t ion s tudies are made, 
frequency dependent negative conductance (FDNC) r ea l i za t i on 
i s also included. The p rac t i ca l u t i l i t y of the FDKR i s 
demonstrated by rea l i z ing a lowp ass f i l t e r with i t . 
The simul--tion of grounded and f loat ing capaci tors 
with OAs and res is tances i s given in Chapter 3. Two novel 
active-R c i r c u i t s of grounded capaci tor (GC) , respect ively , 
employing one and two OAs are given. A general GC simulator 
u§ing an arb i t ra ry number, n, of OAs i s also given and 
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s tudicd for n = 1, 2, ..., ^. The two OA GC-simulator i s 
p a r t i c u l a r l y , shown to exhibi t very good qual i ty (Q) over 
a la rge frequency range. Realization of f loa t ing capacitor 
(FC) i s also given. S e n s i t i v i t y studies for the GC and ^C 
under mismatch conditions, a re made. The active-R capacitors 
s imulr t ions , nlongwith the inductor and FDNR simulations 
of chapter 2 are examined for use in the d i rec t form synthe-
s i s using immittance simulation and FDNR approaches to 
r e a l i z e complete active-R networks. Immittance simulation 
technique i s also employed in the r ea l i za t ion of a low 
component sinewave o s c i l l a t o r . The o s c i l l a t o r uses two OAs 
and four res is tances and i t s p r ac t i c a l frequency range 
extends up to 200 KHz with 741-type of OAs. I t i s , basic->lly^ 
a fixed frequency o s c i l l a t o r but may be used as a var iable 
frequency o s c i l l a t o r with the b ias control of the OAs. TY _ 
theory i s experimentally ve r i f i ed . 
Active-R networks are also rea l ized from the well 
e s tab l i shed exis t ing active RC networks by replacing the 
externa l capacitors by the simulated ones. The method i s 
experimentally ver i f ied . 
Chapter 4 and 5 are devoted to the cascade form of 
active-R synthes is . In chapter 4, an active-R multifunc-
t ion b iquadra t ic f i l t e r i s r ea l i zed by using a cascade of 
two in t eg ra to r type networks with feedback s ignals applied 
to the inver t ing terminals of OAs from appropriate points 
in the c i r c u i t . Important second-order f i l t e r s are obtained 
from the general block. A c r i t c a l s e n s i t i v i t y study i s made 
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and compared with a s imilar exis t ing f i l t e r . Experimeiitr^ 
r e su l t s are included. 
Generally, the two OA multifunction biquads suLf jr 
from loading problem.s. In Chapter 5, the generation of r e s t 
general, load insens i t ive activc-R biquad i s c r i t i c a l l y 
studied, when the complete c i r c u i t , including the 'sum.m.3r' 
uses same type of O^ s^. The use of same OAs in a c i r c u i t 
i s an important consideration in IC fabr ica t ion . Effect of 
the summer's pole on the performance of or ig ina l second-
order filt-^r sect ions i s inves t iga ted in d e t a i l . Some inipor-
t a n t conclusions are drawn and a re ve r i f i ed experimentally. 
F ina l ly , in Chapter 6, the main contr ibut ions of 
thes i s are summarized, together with discussions on the scop: 
of further work. 
CHAPTER - 2 
ACTIVZ~R SINUL..TION OF IIMDUCTORS Al\D FDNRS* 
2 .0 I n t r o d u c t i o n 
I n n e t w o r k r e a l i z a t i o n u s i n g t h e a c t i v e - R d i r e c t 
form s y n t h e s i s app roach ( s e c t i o n 1 . 1 ) , i t i s o b s e r v e d t h a t 
t h e p rob lem, e f f e c t i v e l y , b o i l s down t o t h e s i m u l a t i o n of 
i n d u c t o r s , c a p a c i t o r s and FDNRs w i t h o p e r a t i o n a l a m p l i f i e r s 
and r e s i s t a n c e s . Moreover , i n d e s i g n i n g such c i r c u i t s , i t 
i s d e s i r a b l e t h a t t h e y p o s s e s s q u a l i t i e s , such a s , ( i ) low 
s e n s i t i v i t y , ( i i ) s t a b i l i t y , ( i i i ) r e l i a b l e h igh f r eque r cy 
p e r f o r m a n c e , ( iv ) u s e of low a c t i v e and p a s s i v e component 
c o u n t , (v) h i g h dynamic r a n g e , (v i ) s u i t a b i l i t y t o IC i m p l e -
m e n t a t i o n and ( v i i ) n o n ~ c r i t i c a l component o r g a i n matchi . ig„ 
I t i s ve ry r a r e f o r a c i r c u i t t o p o s s e s s a l l t h e above 
a t t r a c t i v e p r o p e r t i e s s i m u l t a n e o u s l y , and i n a p r a c t i c a l 
d e s i g n , t h e d e s i g n e r has t o e x e r c i s e an e n g i n e e r i n g compro-
m i s e . In t h i s c h a p t e r , o u r b a s i c c o n c e r n i s on t h e d e v e l o p -
ment o f a c t i v e - R c i r c u i t s f o r t h e s i m u l a t i o n o f grounde ' i 
and f l o a t i n g i n d u c t a n c e s , FDJNlRs and FDNCs, k e e p i n g i n v3 ew 
t h e above m e n t i o n e d d e s i r a b l e f e a t u r e s . The r e a l i z a t i o n s 
*This c h a p t e r i s p a r t l y b a s e d on t h e f o l l o w i n g p a p e r s of 
t h e a u t h o r : " A c t i v e - R s i m u l a t i o n of l o s s y g r o u n d e d ind^^-c^or 
f o r h i g h f r equency a p p l i c a t i o n s " , P r o c . IEEE lSCAS/78, 
pp .924-926 ,New York (USA) , May 1978; " F l o a t i n g i n d u c t a n c e 
s i m u l a t i o n w i t h o u t e x t e r n a l c a p a c i t o r " , P r o c . F S C - 7 S , ^-^ . 
255-258 , ( I n d i a ) , INiov. 1978; "Low s e n s i t i v i t y h igh fra-Uf^ncy 
i n d u c t a n c e r e a l i z a t i o n w i t h o u t c a p a c i t o r " . E l e c t r o n i c s 
L e t t e r s , V o l . 1 5 , n o . 9 , p p . 6 33-634, Apr . 1979, "Study ano 
a p p l i c a t i o n of a n o v e l a c t i v e - R c i r c u i t s f o r i n d u c t a n c a 
s i m u l a t i o n " , s u b m i t t e d f o r p u b l i c a t i o n . 
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wi l l f ina l ly be used in the d i r ec t form active-R synthesis 
u-^ing only OAs and res i s tances , i . e . , with OA:R c i r c u i t s . 
The d i r ec t form active-R approach has two fold advantages. 
F i r s t of a l l , the c i r cu i t s possess the well known advantages 
of reliaJole high frequency performance and s u i t a b i l i t y to 
IC fabr ica t ion . Secondly, the well es tabl ished technigues 
and extensive tab les on the passive RLC network design may 
d i r e c t l y be used in the syn thes i s . 
The chap te r , i s organised as follows. After a b r i e f 
introduction to active-R inductance simultion in secticri 2.1 
a simple c i r c u i t for the simulation of grounded inductance 
(GI) i s given in gection 2.2- The GI i s then extended in 
section 2.3 to a f loat ing inductance (FI) , using Dutta xc>'-
27 technique . The r e l a t i v e advantages and drawback of tr i 
GI and FI are c r i t i c a l l y examined. In section 2.4 and 2.b 
rssp3CtivelY, active-R c i r c u i t s for GI and FI are given 
wnich re ta in the advantages of the previous c i r c u i t s but 
obviate t h e i r drav.'backs to a large extent . A novel FI sim.u-
j.ator i s givvsri in section 2.5 which uses very low act ive and 
passive component count. I t i s absolutely s t ab le and i s 
chown to be eas i ly convertable to r e a l i z e two grounded induc-
tances . Experimental resu l t s oft the GIs and FIs are given 
in s action 2 .8 . In section 2.9, grounded and floating 
frequency dependent negative res i s tances (FDIMRS) and conduc-
tances (FDNCs) are rea l ized and s tudied . The experimental 
r e s u l t s are included in section 2 . 9 . 3 . Important conclu-
sions on the chapter are included in section 2.10. 
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2 . 1 A c t i y e - R S i m u l a t i o n of I n d u c t a n c e s 
S i m u l a t i o n o f i n d u c t a n c e i n t h e RC a c t i v e form n - s 
been an a r e a of ex tens i \ / e r e s e a r c h i n t h e p a s t and now an 
e x h a u s t i v e l i t e r a t u r e i s a v a i l a b l e on i t . 1-Jovel c i r c u i t s 
8 ?L '^ '^  59 
a r e pr^^sent fo r t h e s i m u l e t i o n of b o t h i d e a l and loss^,- ' '--> -
G I s . R e l a t i v e l y , t h e p rob lem of FI s i m u l a t i o n i s l e s s 
t 29 
e x p l o r e d . I t i s s e e n t h a t t h e RC a c t i v e i n d u c t o r s ha\ 'c 
low r e l i a b l e f r e q u e n c y r a n g e of o p e r a t i o n ( f < 5 KHz, wi-h 
741 t y p e of OAs) . The F I s , i n a d d i t i o n , s u f f e r from la^-g.-
component coun t , and t h e i d e a l o n e s a l s o r e q u i r e c r i t i c <,•.'. 
component o r g a i n m a t c h i n g ' 
R e c e n t l y , som.e a c t i v e - R c i r c u i t s have been sugo^s^-io 
f o r t h e s i m u l t i o n o f G I s . I n f a c t , t h e f i r s t a c t i v e - R 
c i r c u i t , u s i n g o n l y OA as t h e a c t i v e d e v i c e was sugges t .^d 
n 
by Alien and Means tor the simulation of act ive induc to r ' . 
The c i r c u i t has a number of p rac t i ca l d i f f i c u l t i e s as pointeu 
bv i t s authors and servos more as a new technique r a t h j r thr.i. 
a oract i cal design. Subsequently, other active-R ground'id 
inductors and resonatarrs ' were proposed. Soderstranc^^' '"* 
also gave active-R simulation of GIs and FIs , bas i ca l ly , 
su i t ab le for use in act ive ladders, which are obtained '^ \ 
the siqr:al flow graph technrique. In sec t ion 2.2 throir^l 
2.7, we study some p rac t i ca l c i r c u i t s for the general ft :-
pose simiulation of, both, grounded and f loa t ing induct ' i , 
The c i r cu i t s are seen to have a number of des i rable Qi:e:'_--
c i e s mentioned in the in t roduct ion . Besides, the floa .:"•'I'C' 
induct-ances reported in the t h e s i s , very l i t t l e work i s 
ava i lab le in l i t e r a t u r e on other active-R FIs using only CAi. 
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a n d r e s i s t o r s . I n c h a p t e r 3 , t h e i n d u c t o r s a r e u s e d i n t h e 
i m m i t t a n c e s i m u l a t i o n a p p r o a c h t o d i r e c t fo rm s y n t h e s i s . 
2 • 2 S i m u l a t i o n o f G r o u n d e d I n d u c t a n c e : G I - A 
I n F i g . 2 . 1 ( a ) , a s i m p l e c i r c u i t i s g i v e n 
f o r t h o s i m u l a t i o n o f l o s s y g r o u n d e d i n d u c t a n c e (GI -A) . F o r 
t h e a n a l y s i s , we u s e t h e c i r c u i t m o d e l o f a p r a c t i c a l ( n o n 
i d e a l ) OA, shown i n F i g . 1 . 1 . T h e d i f f e r e n t i a l i n p u t and 
i n t r i n s i c f e e d b a c k r e s i s t a n c e s R. a n d R^, a r e a s s u m e d t o b o 
1 f 
i n f i n i t e , a s t h i s g i v e s a c o n s i d e r a b l e s i m p l i f i c a t i o n i n t h o 
a n a l y s i s w i t h o u t s a c r i f i c i n g any s i g n i f i c a n t a c c u r a c y i n t h o 
i n d u c t o r p a r a m e t e r s . W i t h o p e n - l o o p g a i n o f t h e OA; b e i n g 
g i v e n b y t h e f i r s t - p o l e m o d e l ( 1 . 2 ) , a s t r a i g h t f o r w a r d 
a n a l y s i s g i v e s t h e i n p u t i m p e d a n c e o f t h e c i r c u i t 
sT^ + 1 
Z ( s ) = H - - ^ - - - - ( 2 . 1 ) 
2 
v. 'hore 
H = - - ~J^^^ ~^^^^J ( 2 . 2 ) 
T^ = - i - ^ ^ — ^ ^ — 2 i Q ( 2 . 3 ) 
"a (R^^ -^R )^ (R3^^o4^-^^^^o^^lS-V4) 
rp 1- 3 Q i - ( 9 /A 
a n d R. . = R. + R . . I t i s s e e n t h a t Z ( s ) i s an R L - i m p o d a n c o 
f u n c t i o n p r o v i d e d H > o , T > T > o . T h e c o n d i t i o n s a r e 
e a s i l y s a t i s f i e d b y h a v i n g 
A » l , R^ = R^, X = ( R y R J < 1 , 
o 1 4 2 3 ( 2 5) 
R >> R ^,' ^ 
2 o ' 1 ' 
CO 
-^MV^ 
—^VNW 
4>-
= R 
(b) 
A 
-^^4 
Ca) 
.-•is 
' L n R 2 / 3 
FIG.2.1 (a) GROUNDED 1NDUCT^NCE SiyiJ^ rsVOa, G. A 
(b) PASSIVE EQUIVALENT C'RCUIT Of GI-A • 
(C) SERIES R-L RtPRE5EN"ATiO>! OF T; F. 
NON-IDEAL INDUCTOR. 
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With c o n d i t i o n s (2 .5 ) s a t i s f i e d , t h o e q u i v a l a n t c i r c u i t o f 
t h o i n d u c t o r i s g i v e n i n F i g . 2 .1 (b ) w i th t h e p a r a m e t e r 
v a l u e : 
L 
R 
R 
( R / B ) 
R ^ d - x) ^ (R^/A^) 
R. 
(2 .6) 
F o r s i n u s o i d a l e x c i t a t i o n , we e x p r e s s Z(s) 
s = j w 
Z(jw) = R + jwL , Q = wL / R 
s s 
a s 
w h o r e L and R , r e s p e c t i v e l y , a r e t h e e q u i v a l e n t s e r i e s 
s ^ 
i n d u c t a n c e a n d r 2 s i s t a n c e ( F i g . 2 . 1 ( c ) ) . W i t h c o n d i t i o n s 
( 2 . 5 ) s a t i s f i e d , t h e i r e x p r e s s i o n s a r e 
BR„ 
L = -
R 
~ R 2 ^ 2 
B +w 
= ( R / B ) 
w B f R + ( 1-x) A R I + w^R^ 
(B^ + w^) 
= (1-x) R + ^ ^ + ( | ) 2 R 
o 
( 2 . 7 a ) 
( 2 . 7 b ) 
( 2 . 8Q) 
( 2 . bb) 
And, the qual i ty factor i s 
Q = R. 
^ l + ( l - x ) A ^ - - - i + A ( ••^) 
O K o B 
( 2 . 9 ) 
'I 'he e q u a t i o n s ( 2 . 6 ) , ( 2 . 7 a ) , ( 2 . 8 a ) and ( 2 . 9 ) a r e v a l i d a s 
l o n g a s t h e OA i s r e p r e s 3 n t e d b y t h e f i r s t - p o l e m o d e l . Th^ 
s i m p l e r a p p r o x i m a t e d e x p r e s s i o n s , g i v e n b y e q u a t i o n s ( '2 .7b) 
2 2 
a n d ( 2 . 8 b ) may b e u s e d i n t h e f r e q u e n c y r a n g e , w <L<B'^. 
T h e e r r o r when u s i n g t h e a p p r o x i m a t e d e x p r e s s i o n s i s l e s s 
t h a n o n e p e r c e n t i n t h e f r e q u e n c y r a n g e , w < o . IB . 
Theoret ica l ly , an ideal inductor i s rea l ized 
(Q = OD) , when R = O/ however, such rea l i za t ion i s poten-
s 
t i a l i y u n s t a b l e . Fo r s t a b l e o p e r a t i o n R ( 2 . 8 ) i s e n s u r e d 
s 
p o s i t i v e , i . e . / xc( 1 + 
f i n i t e maximum Q. 
w L 
R. ) , and t h e i n d u c t o r r e a l i z e s a 
As p o i n t e d o u t i n s e c t i o n 1.4, t h e a c t i v e n e t w o r k s a r e , 
g e n e r a l l y , s e n s i t i v e t o v a r i a t i o n s i n a c t i v e and p a s s i v e 
componen t s . B e f o r e an a c t i v e r e a l i z a t i o n can b e recommended 
f o r p r a c t i c a l a p p l i c a t i o n s , i t i s t o b e t h o r o u g h l y i n v e s t i -
g a t e d f o r iJ ts a c t i v e and p a s s i v e s e n s i t i v i t i e s . We s t u d y t h e 
s e n s i t i v i t i e s o f L and Q by u s i n g t h e i n c r e m e n t a l s e n s i t i v i t y 
s 
measu re S(X;x) ( 1 . 5 ) . The s e n s i t i v i t y f i g u r e s f o r t h e GI-A 
a r e e v a l u a t e d and g i v e n i n T a b l e 2 . 1 . I t i s s een t h a t t h e 
TABLE - ^ . 1 ; S e n s i t i v i t y f i g u r e s f o r Gl -A 
S e n s i t i v i t y ( 
t o ^ f 
Q 
R. 
R, 
R. 
R, 
R 
B 
( n R.+R^ •) ( < 1) 
O 
- ^ 
- 1 
• , ( < ! * ) 
h 
^ 
R. 
(1-x) (R-L 
1 
~ ( l - x ) 
.U-2^ 
( 1 - x ) 
2 _ 
+ 2R^) 
% R 
R^ ^ (1-x) (R .+ 2R ) 
•i 4 o 
(-—-) + ( l - x ) ( R , / R j - ( w / B ) 2 
_fo l._i 
(—-) + ( l - x ) ( R . / R J +(w/B) ^ 
-^2Q L_i 
' ( < 1 ) 
*In m a g n i t u d e 
i n d u c t a n c e s i m u l a t o r e n j o y s low L - s e n s i t i v i t i e s t o , b o t n . 
t h e a c t i v e and p a s s i v e e l e m e n t s ; t h e s e b e i n g l e s s t h a n o r 
.4S<« 
equa l t o one. The Q - s e n s i t i v i t i e s a re r e l a t i v e l y h ighe r and 
demand the use of p r e c i s i o n r e s i s t a n c e with t i g h t t o l e r a n c e . 
2 ,3 Simulat ion p£ F l o a t i n g Induc t ance : FI-A 
The s imula t ion of F i s i s r e l a t i v e l y a more 
d i f f i c u l t job and haS/ so fa r , r e c e i v e d l e s s a t t e n t i o n as 
compared to the grounded ones . The a v a i l a b l e Fl s i m u l a t o r s 
a r e in the RC a c t i v e form. These a l so su f f e r from t h e d i s -
advantages mentioned in s ec t ion 2 . 1 , b e s i d e s having a poor 
4 
f iequency range of ope ra t i on . 
In t h i s s e c t i o n , we g ive t h e r e a l i z a t i o n of an a c t i v e -
R n o n - i d e a l f l o a t i n g induc tance (FI-A) , and c r i t i c a l l y 
compare i t s performance with the a v a i l a b l e RC a c t i v e Fis ' 
The FI i s r e a l i z e d from t h e a v a i l a b l e grounded i n d u c t o r 
27 
(GI-A) by us ing Dutta Roy's t echn ique . In t h i s method, sr 
FI i s r e a l i z e d by cascading, in a back - to -back manner, ti;0 
i d e n t i c a l two-port networks, whose s h o r t - c i r c u i t admiLtaxico 
m a t r i x parameters are c h a r a c t e r i s e d by: 
• i) ^11 — ^12 ' ^22 = - ^ 1 2 ^2.10) 
and ( i i ) y^  - i s an RL-admittance func t ion . 
The px-oblem i s t hus , b a s i c a l l y , t h a t of r e a l i z i n g a b a s i c -
b l o c k whose y-parameters s a t i s f y the above c o n d i t i o n s . V-e 
o b t a i n such a b a s i c block, shown in F i g . 2 . 2 ( a ) , by simply 
ungrounding r e s i s t o r R of GI-A of F i g . 2.1(a) . Using tho 
OA's f i r s t - p o l e r o l l - o f f model in the a n a l y s i s of t he b a s i c 
b lock , we ge t 
© 
4<' 
'.V"/v^ 
V". 
Q l l H I — i m i U ^ ^ ^ f i p i B — i ^ J M j a L ' i r i> 
{^TMlMMite 
I t . * ^ 
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L B J D 
^ o 4 •*• ^3^1+^) " ^ ^ 3 + ^ ^ 
[ ^^ 2^- V R^^+R^Cl-A) 
Vv'here 
D = (R ,+R^) (R^+R J - R ^ + A ( r ,R -R r J 
o l 2 3 o4 o o l 3 2 04"^  
R = R + R 
i j i j 
and r . = 2R, + R. i j 1 J 
j iu - t ion (2 .11) r e d u c e s t o 
b B A D 
R 
R 
- R . 
- R . 
p: :ov ided ( 1 + ^ 2 4 ) ^ ( , + ^ ) « ~ 
^ 3 ^2 "" 
{ 2.11) 
(2 .12£) 
(2 .12b) 
(2 .13) 
(2 .14) 
I n m a t r i x (2 .13 ) , i t i s s een t h a t t h e s e c o n d c o n d i t i o n 
o f D u t t a Roy ' s t e c h n i q u e , v i z . , y , , i s an R L - a d m i t t a n c e 
f u n c t i o n i s d i r e c t l y s a t i s f i e d / a s t h e b a s i c b l o c k i s o b t r . i n a d 
from a GI s i m u l a t o r . The f i r s t c o n d i t i o n ( 2 . 1 0 ) i s e a s i l y s a t i s -
f i e d b y d e s i g n i n t h e f r equency r a n g e g i v e n b y (2 .14 ) . 
T h e r e f o r e , on c a s c a d i n g t h e b a s i c b l o c k , as shown i n F ic j . 2 .2 (b ) 
n o n - i d e a l FI i s r e a l i z e d . I t h a s t h e y - m a t r i x : 
Y, FT 
AR, - 1 
- 1 
(2 .15) 
he e x p r e s s i o n s f o r t h e e f f e c t i v e i n d u c t a n c e L and i t s 
e 
r ^ a i i t y f a c t o r Q a r e g i v e n b y 
Q, 
2 L. 
Q 
(2 .16) 
( 2 . 1 7 ; 
-46-
-/.•'PGre L and Q are given by equations (2.7) and (2.9) res-
3 
psctively. 
The r e l i a b l e high frequency performance of FI-A i s 
determined frorri the inequal i ty (2.14) . I t i s seen t h a t in 
•-.ho rang J, w<ro.lB, the deviations in the elements of matrix 
{2.14) are l ess than one percent and the FI gives the r e l i a b l e 
opera t ion . A comparison with s imilar avai lable RC act ive 
4 
•'^ 'Is , shows an improvement by a factor of ten or more in the 
high frequency range of operat ion. 
The GI-A and FI-A use a low component count of act ive 
and passive components, l ike some of the avai lable OA; RC 
inductance simulators . In addition, they have the v;ell 
known advantages of ac t ive-R c i r c u i t s , v i z . , (i) good hi^.h . 
frequency performance, and ( i i ) elimination of external 
v'=.paci t o r s . 
Vi-e note t h a t the expressions of Q for FI-A (2.17) and 
OI-A (2.9'* are s imilar , and therefore , the FI also r ea l i zes 
-^  f i n i t e maximum Q. Moreover, the difference term in the 
c'e'icm.-'nator (2 .9) , makes the Q- sens i t i v i t i e s of the FI-A 
appreciably largo as in the case of GI-A. This r e s t r i c t s the 
inductors to low Q-applications. In the following two 
sec t ions , we give s imi lar low component c i r c u i t s for GI and 
FI, which re ta in the advantages of GI-A and FI-A and, in 
addi t ion, overcome the above mentioned drawback. 
2 . 4 Simulation of Grounded Inductance: GI-B 
The grounded inductance simulator GI-B i s snovn 
in Fig. 2.3(a) . Analysis of the c i r cu i t , using the f i r s t -
47 
(a) 
•^VA- •?.« 
Ls 
• 
Ls 
(b) ic) 
FIG 2.3 (a)GROUNDED INDUCTANCE SIMULATOR G l - B . 
(b)PASS!VE EQUIVALENT OF G I - B * 
(C)SERIES R-L OF THE NON-fDEAL INDUCTOR. 
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pole r o l l - o f f model for the OA, g ives the inpu t impedance-
Z(s) = H 
sT^ + 1 
i T - " - l 
whe.'-'e 
K --2 
n — r~ 
^ 2 
^ 1 
rp _ A 
a 2 
rp _ i 
2 w b a 2 
(2.16) 
-]-^l^^^^-^V^^2^^^V' -2=^ * V l ^ 
b^=(R^+R3.R^) , 2^ =^  "\s- (2.19) 
iiera Z(s) d i r e c t l y s a t i s f i e s tha condit ion of a b i l i n e a r RL-
function, v i z . , H>o , T > T > 0 . The equiva len t c i r c u i t o. 
GT-B i s shown in F ig . 2.3(b) and the parameters are giver bv 
( 2.20a) R r^  ^2 (1 • ' • - l ) 
p •' ( l+^2"'"^2 [•'"•^  ^  l+^l-^^2^ /A^] 
( l+r^+r^) 
R rr R^ 
ri R . 
1+1/A^ [ r ( 1+r^) + ( l + r ^ r ^ ) ] 
l+( 1+r^+r ) /A^ 1 2 o 
( 2. 20b) 
( 2.21a) 
(2.21b) 
Mi:^i^ 
B [i+( i+r^+r^) / A J ' 
B 
( 2.22a) 
(2.22b) 
•vnore 
^2 -^  ^^o' R3 = R3Ri/(R3fRi) 
R 
-2_ 
R ' 
1 
R 
R " ^2 = 
R 
( 2 .23 ) 
?or s inusoidal case, s = jw, we express 
Z(jw) r-. R + jWL^, Q = wL /R 
S S o S 
(2 .24 ) 
:.-.:e parameters R and L are obta ined from (2.18) and (2.19) 
s s 
,49-
T h e s o a r e f r e q u e n c y deper tdent and a r e g iven b y 
where 
L = 
s 
faiil^ 
2 ( l + r + r ) w +wa 
B j 1+ -^l—2-.^i i^.r +r j 2 . ( y - ) 
R ^ ( l + r ^ ) 
B 
= ( " ) 
( 1+r^) 
2 2 
w +w 
^I^^2^-:T^) B' 
r ( 1+r^) 
= -+ 
l + r ( l + r ^ ) ( l + r ^ + r ^ ) i~) 
^ 2(l+r^+r2) ( l+^J 
" ~ A ~ r •*• A 
o o 
2 = (1+r^) ( l + r ^ + r ^ ) + 
( l + r . + r j 
( 2 .25a ) 
(2 .25b) 
( 2 . 26 a) 
( 2.26b) 
I n t h e above e q u a t i o n s , t h e i n p u t c o n d u c t a n c e (1 /R . ) and 
o u t p u t r e s i s t a n c e (R ) o f t h e OA have b e e n t a k e n i n t o c o n s i -
d e r a t i o n (2 .23) ; however , i f t h e s e a r e s m a l l t h e n R = R' and 
R =r R' The c i r c u i t r e a l i z e s a GI even i f t h e s e r i e s r e s i s -
-anca R = 0 ( r = a D ) , i . e . , w i th t h r e e r e s i s t a n c e s and 1 
s i n g l e OA, However, by t h e i n o o r p o r a t i o n o f R-, i n d e p e n d e n t 
Q - t u n i n g i s p o s s i b l e w i t h i t . L i s t u n e d w i t h R ; t h e 
s ^ 
p e r t u r b a t i o n s i n t r o d u c e d i n Q a r e t h e n removed o v e r an a p p r e -
c i a b l e r a n g e by a d j u s t i n g R . 
E q u a t i o n (2 .25) and (2 .26) a r e t h e g e n e r a l d e s i g n 
e q u a t i o n s o f t h e G I . The a p p r o x i m a t e e q u a t i o n s , (2 .25 ) and 
(2 .26 ) , a r e a l s o v a l i d i n t h e f r e q u e n c y r a n g e : 
w^ 2«w2 « (j-^~r^ 2 ( 2 . 27) 
- 5 0 -
fo r A , r » 1 and r « A . The high gain requi rement i s 
i n h e r e n t l y s a t i s f i e d with i n t e g r a t e d OAs and t h e r e q u i r e -
ment on r i s easy t c s a t i s f y by des ing . Moreover, l a r g e 
va lue of r i s a lso r e q u i r e d in t h e r e a l i z a t i o n of high Q-
va lues (equa t ions (2.26) and (2.28) and se rves as e s s e n t i a l 
cond i t i on in t h e r e a l i z a t i o n of FI ( s e c t i o n 2 . 5 ) . 
The Q of the c i r c u i t e x h i b i t s a resonance type of 
c h a r a c t e r i s t i c with C = 0 a t w = 0 . The maximum Q-value i s 
(1+r ) 
Q ^ i (2.28) 
o 2 ^ 
2 r 2 ^ P / P 2 + VA^) 
which occurs a t the frequency 
2 
w 
o = w (1 + A^ P,/Po) • (2.29) 
a o 1 2 
w 
In designing a G l - s i m u l a t o r , t h e r a t i o s r and r are 
t o be p r e s e l e c t e d . I t i s ev iden t from ( 2 . 2 5 ) , (2.26) and 
(2.28) t h a t l a r g e r va lues of r^ r e a l i z e h ighe r va lues of L 
i s 
and Q(Q ) . However, t h e maximum Q i s now r e a l i z e d a t lower 
o 
' . Thus, an engineer ing compromise i s r e q u i r e d in the 
s e l e c t i o n of r . Also, small va lues of r i s a t t r a c t i v e as 
i t g i v e s l a rge w and Q v a l u e s . A convenient p r e s e l e c t i o n 
in t h e design i s r = r = 1 . 
I t i s g e n e r a l l y d e s i r a b l e to work the GI nea r the 
p o i n t of i t s maximum Q. From (2.29) , i t i s seen t h a t 
w i s in the frequency range given by ( 2 . 2 7 ) , and equa t ions 
(2.25b) and (2.26b) may r e l i a b l y be used in t h e des ign . 
Th i s g ives 
R. 
R. 
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wL [ B-wQ{ l + r , + r j ' | 
SJz 1 2 J 
BQ 
BL 
s 
( 1 + ^ 1 ) 
i. 2 . 3 0 a ) 
( 2 . 3 o b ) 
I n c a s e l a r g e v a l u e s o f L a n d Q a r e n o t e s s e n t i a l / o n e 
r e s i s t a n c e i n t h e c i r c u i t i s r e d u c e d b y s e l e c t i n g R = 0 / 
i . e . r = 0 . N o t e , when R = R = o , we g e t t h e Gl o f 
r e f e r e n c e 5 0 . 
2 . 4 . 1 S e n s i t i v i t y / ^ . n a l v s i s f o r G I - E 
T h e i n c r e a m e n t a l s e n s i t i v i t y f i g u r e s ( 1 . 5 ) f o r 
G I - B a r e e v a l i a t e d a n d a r e g i v e n i n T a b l e 2 . 2 . T h e c i r c u i t 
TABLS_- ,^2 .g ; S e n s i t i v i t y f u n c t i o n f o r G I - B 
S e n s i t i v i t y 
t o o f 
R, 
R. 
R 
R 
B 
L s 
0 
1.0 
Q 
G e n e r a l E x p r e s s i o n 
r 
1+ r . 
! 1 + r . 
- 1 . 0 
• , ^ 1 ^ 
•, < 1 
R. 
R" 
R 
s 
(1 - 5, ) 
S 1 
s 1 
s 
a t w 
o 
0 . 5 * 
0 . 2 
0 . 5 * 
0 . 5 
O 
2, 2 2 
w ij r w L 
w h e r e : S^ = — B R - S^ = R - R ^ 
WTJ ( 1 + r +r„ ) 
g ^ a 1__2_ 
3 BR, 
' ' I n m a g n i t u d e . 
h a s a l l t h e a c t i v j a n d p a s s i v e s e n s i t i v i t y v a l u e d e q u a l t o 
o r l e s s t h a n u n i t y i n m a g n i t u d e . 
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The inductor has superior sens i t iv i ty performance not only 
over GI-A, but also over the available low componant RG 
active GI , wh 3re the active Q-sensi t ivi t ies are proportional 
2 
to Q . This i s an extremely a t t rac t ive feature of GI-B. 
2. 5 Simulation Qf.FlQatinq Inductance: FI-B 
Vie have s 3en in the previous section that GI-B 
retains the desirable features of GI-A, and in addition, has 
excellent sens i t iv i ty and absolute s t a b i l i t y . Now we employ 
I 2 7 
Dutta Roy s technique to rea l ize a floating inductance 
(Fi-B), which possesses the novel character is t ics of GI-E, 
The basic block i s obtained from GI-B by pulling out the 
resis tance R. from ground to form port 2. The c i r cu i t i s 
shown in Fig. 2.4 (a) and i t s analysis gives the y-pararr. Btern i 
b s+b w (R +R ) (s+w ) 
•^ 11 a.s+a^w ' ^12 -^ 11 a s+a^w 
1 2 a 1 2 a 
R ( s+w ) R ( s+w ) 
^21 " " aj+^~w^ '^22 "^  " ^21 "^  a sT^~w ~ ' (2.31) 
On cascading the basic-blocks in back-to-back configuration; 
as shown in Fig. 2.4(b) , an FI i s realized, provided the 
condition required by equation (2.lo) i s sa t i s f ied -^ nd y 
i s in RL-adroittence function. The second condition i s direct ly 
sa t i s f i ed as the basic block i s , once again, obtained from 
a grounded inductor. Th2 f i r s t condition (2.10) i s also 
sa t i s f i ed when 
r » 1 I 2. 32a) 
w^  « ( B / r ^ ) 2. [2.:Z ' 
liquation (2.32a) i s easy to sat isfy by design. A deviaticr 
SSXa.) 
® 
T 
(a) 
Rt 
® 
"^  A A T r "j"^  1 
R3 R 4^=2R4 R3 
O ^JH O 
(b) 
FIG.2.4(a) BASIC BLOCK OBTAINED FROM G I - B . 
(b) SIMULATION OF FLOATING INDUCTOR F l - B 
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o f l e s s t h a n one p e r c e n t i n y - p a r a m a t e r s i s o b t a i n e d i n t h j 
r a n g e , w < ( O . l B / r ) . I f (2 .32 ) i s s a t i s f i e d , t h e c i r c u i t 
of F i g . 2 .4 (b) r e a l i z e s an FI h a v i n g impedance 
s T + 1 
Z^(s) = 2H X - - - - - (2 .33 ) 
F ^ s - r + 1 
where H, T , and T are given in (2.18) and (2.19) . This 
gives the parameters of the inductor: 
Lpj = 2Lg (2.34a) 
Qpj = Q (2.34b) 
where L and Q a r e g i v e n by e q u a t i o n (2 .25) and (2 .26) . I n 
s 
t h e d e s i g n of F I , t h e d e s i g n c o n s i d e r a t i o n s o f GI-B a r e t o 
b e t a k e n i n t o a c c o u n t . The Use fu l f r e q u e n c y r a n g e i s g o v e r n e d 
by (2 .32b) . F o r 7 4 1 - t y p e of OAs, t h e c i r c u i t g i v e s r e l i a b l e 
p e r f o r m a n c e o v e r a r a n g e of abou t 200 KHz. Once a g a i n , v-zhen 
L and Q r e q u i r e m e n t s a r e n o t c r i t i c a l , one r e s i s t a n c e may b e 
r e d u c e d b y c h o o s i n g R'ex2R^=0. 
^ 4 4 
I n t h e above d i s c u s s i o n s on F I - B , i t i s assurre d th - i t 
t h e b a s i c b l o c k s a r e i d e n t i c a l . Howav-?r, i n p r a c t i c e t h e 
c i r c u i t may have some mismatch , i . e . , p r i m e d and u n p r i r r j d 
parameters b e i n g u n e q u a l . S imple a n a l y s i s shows t h a t t h e 
c i r c u i t s t i l l r e a l i z e s -^ n FI p r o v i d e d 
Y' Y- = Y Y' ( -? ^^r,) 
11 *12 11 22 v2 . J-^aj 
w h e r i p r i m e d q u a n t i t i e s i n ( 2 . 3 5 a ) b e l o n g t o t h e n o n - i d e n t i c a l 
b l o c k . On s u b s t i t u t i n g t h e r e s p e c t i v e y - p a r a m e t e r i n ( 2 . 3 5 a ) , 
t h e c o n d i t i o n f o r r e a l i z i n g an FI becomes 
B ' / B = r ^ r ^ • (2 .35b) 
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T h i s i s e a s y t o s a t i s f y by t r imming t h e r a t i o r ccr r ' . 
2 . 5 . 1 S c g n s i t i v i t y and S t a b i l i t y C o n s i d g r a t i o n s f o r FI -B 
F i r s t we c o n s i d e r t h e s e n s i t i v i t y a s p e c t o f FI-^- . 
The method g iven i n r e f e r e n c e 27 and a l s o f o l l o w e d i n s e c t i o n 
2 . 6 . 1 ^ i s Used i n t h e e v a l u a t i o n of s e n s i t i v i t y f u n c t i o n s . 
F o r t h e s ake of b r e v i t y , we o m i t h e r e t h e l e n g t h y and i n v o l v j j l 
c a l c u l a t i o n s . The f i n a l r e s u l t s f o r t h e nomina l componjnt 
v a l u e s show t h a t , b o t h , L - and Q - s e n s i t i v i t i e s t o a c t i v e a r i 
p a s s i v e components a r e l e s s t h a n o r e q u a l t o u n i t y . Thus , 
t h e FI r e t a i n s t h e e x c e l l e n t s e n s i t i v i t y p r o p e r t i e s o f t h e 
b a s i c b l o c k , v i z . , GI -B, from which i t i s r e a l i z e d . 
F o r i n v e s t i g a t i n g t h e s t a b i l i t y o f t h e F I - B , t h e y -
p a r a m e t e r s (2 .31) a r e s u b s t i t u t e d i n t h e e x p r e s s i o n o f 
44 i n v a r i a n t s t a b i l i t y f a c t o r 
-n = _ _ g _ - l l _ - ^ — l i ^ _ _ i 2 _ 2 X _ . (2 .36) 
^ 1^12 ^ l l l 
The value of "V^  i s grea ter than or equal to one for a l l 
values o f w o i . e . , Vy > 1. This shows tha t FI-B i s uncon-
d i t i o n a l l y s t ab l e . 
2.6 A NOVQI Inductance Simulator 
I t i s seen tha t the f loa t ing inductor, Fl-3 
has a number of a t t r a c t i v e features , such as, s t a b i l i t y , 
low s e n s i t i v i t y , r e l i ab le high frequency performance and 
s u i t a b i l i t y to IC implementation. Also, c r i t i c a l component 
matching i s not required in the r e a l i z a t i o n . However, the 
c i r c u i t s t i l l uses seven res i s tances with suf f ic ien t ly high 
- 5 5 -
r e s i s t a n c e s p r e a d . I n t h i s s e c t i o n , we s t u d y an F I * v;hich 
r e t a i n s most o f t h e d e s i r a b l e q u a l i t i e s o f F I - B . I n add i . t i on , 
i t i s a c i r c u i t o f low component coun t and u s i n g o n l y two 
OAs and two e q u a l v a l u e d r e s i s t a n c e s . By s i m p l y o p e n i n g 
and g r o u n d i n g of two t e r m i n a l s two i d e n t i c a l GI - s i m u l a t o r s 
a r e r e a l i z e d . 
The FI s i m u l a t o r i s shown i n F i g . 2 ,5 (a ) . I'he f i r s t -
p o l e r o l l - o f f c h a r a c t e r i z a t i o n o f an OA may b e a p p r o x i m a t e d by 
( 2 . 3 7 ) A = s 
p r o v i d e d w » w . I n t h e f r e q u e n c y r a n g e , which i s g e n e r a l l y 
a 
a s s o c i a t e d w i th a c t i v e - R c i r c u i t s , t h e a p p r o x i m a t i o n i s j u s t i -
f i e d . With A g i v e n b y ( 2 . 3 7 ) , a s t r a i g h t f o rward a n a l y s i s 
o f t h e c i r c u i t g i v e s i t s y - m a t r i x as 
^ sR ' 
B' 
sR' 
_B 
sR 
(2-^) 
1 
( 2 . 3 8 ) 
sR ' 
F o r n o m i n a l e l emen t v a l u e s , v i z . , R = R' and B = B ' , (2 .36) 
becomes 
r 
1 
sR~ 
(B+s) 
-B 
- B 
(B+s) 
( 2 . 3 9 ) 
T h e e q u i v a l e n t p a s s i v e r e a l i z a t i o n o f t h e i n d u c t o r b a s e d on 
( 2 . 3 9 ) i s g i v e n i n F i g . 2 . 5 ( b ) . T h e c o n d i t i o n , B = B ' i s e a s y 
*The c i r c u i t i s a l s o b r i e f l y m e n t i o n e d b y A. M. S o l i m a n : 
A n o v e l i n d u c t o r s i m u l a t i o n u s i n g t h e p o l e o f t h e o p e r a -
t i o n a l a m p l i f i e r ' , F r e q u e n z , v o l . 1, n o . 32 , p p . 2 3 9 - 2 4 0 , 
1 9 7 8 . 
So 
o V 
^\*^*< 
L = R/B 
J 
-o 
SR ii R' (2 
(b) 
-V 
(a) 
e 
.G-
s'^IG.2.5 Ca)A LOW COMPONENT . - u C . i ^ . 
SIMULATOR. 
r » fc_ / -(b)EQUIVALENT PASSiVZ 
MISMATCH. 
{c)EQU.VAL£f^T P A S J . V I R E A . 
M{Sf4^'*Ch 
© 
I """ < ^ 4 » 
\'..-': 
' , - , N 
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t o s a t i s f y i f i n t e g r a t e d OAs on t h e same s i l i c o n c h i p , 
l i k e LKi 7 4 7 , w i t h i n h e r e n t l y m a t c h e d c h a r a c t e r i s t i c s a r e 
u s e d ; R = R' may a l s o b e s a t i s f i e d w i t h t h i n - f i l m r e s i s t a n c e s 
Now i n t h e c a s e o f a m i s m a t c h , i . e . , B ^ ^' a n d R ;^ R' , i t 
c a n b e p r o v e d t h a t t h e c i r c u i t r e a l i z e s an i n d u c t o r o f t h e 
t y p e shown i n F i g . 2 . 5 ( c ) p r o v i d e d 
B/B- :^  R /R ' , ( 2 . 4 0 ) 
T h e c o n d i t i o n i s e a s i l y s a t i s f i e d b y k e e p i n g o n e r e s i s t a n c e 
v a r i a b l e i n d e s c r e t e c o m p o n e n t c i r c u i t , o r b y t r i m m i n g i n 
h y b r i d I C s . I n c a s e t h e c i r c u i t i s i n t e g r a t e d t h e c o n d i t i o n 
( 2 . 4 0 ) w i l l b e m a i n t a i n e d o v e r a l a r g e t e m p e r a t u r e r a n g e c u e 
48 
t o t h e e x c e l l e n t t r a c k i n g p r o p e r t y o f I C s . T h u s , i t i s 
e v i d e n t t h a t u n l i k e m o s t F i s ' , a c r i t i c a l c o m p o n e n t 
m a t c h i n g i s n o t r e q u i r e d f o r t h e c i r c u i t , -
I n s i n u s o i d a l c a s e , f o r w<<l B ( s a y w ^ O . IB) , t h e 
d e v i a t i o n s i n t h e m a g n i t u d e o f^ e l e m e n t s i n ( 2 - 3 9 ) a r e l e s s 
t h a n o n e p e r c e n t , a n d we g e t from ( 2 . 3 9 ) 
1 - 1 
Y(jw) = .f l /R + B/jwI^ ' ( 2 . 4 1 ) 
- 1 1 
E q u a t i o n ( 2 . 4 1 ) r e p r e s e n t s a l o s s y F i , a n d i t s s e r i e s a n d 
p a r a l l e l p a s s i v e e l e m e n t s a r e shown i n F i g . 2 . 6 . T h e p a r a -
m e t e r s a r e 
Lp = ( R / B ) , Rp = R f. •-:.-• 2) 
f o r t h e p a r a l l e l r e p r e s e n t a t i o n , a n d 
T _ __BR _ __w^R__ 
s - , ^ 2 2, ' ^ s - , ^ 2 ^ 2, ^ 2 . 4 3 ; 
(B +w ) (B +w ) 
-58-
for the se r ies one. The qual i ty factor of the rea l i za t ion 
i s Q = (B/w) . The c i r c u i t i s su i t ab le for rea l i z ing very 
high Q values at lower frequencies- For example, with 741-
type of OAs having B = 217^''^ r a d / s e c , a Q of more than 100 
i s rea l i zed at frequencies l ess than 10 KHz. Thus, in the 
4 
vjorking frequency range of avai lable act ive RC FIs (f <5KHz 
with same OAs) , our c i r c u i t r e a l i z e s very high Q values and 
behaves l ike a loss less ( ideal) inductor, except at very low 
frequencies where (2.37) i s not j u s t i f i e d . At higher fre-
quencies, the c i r c u i t simulates a lossy inductor with a 
de f in i t e and predic table loss component. The useful fre-
quency range of the c i r c u i t depends upon the v a l i d i t y of' 
the character iza t ion of OA by the f i r s t - p o l e ro l l - o f f modol . 
I f two po ten t ia l deviders each having a res i s tance 
r a t i o k > 1 are used to apply voltages from each por t to 
the terminals of the OAs, the modified c i r cu i t , shown in 
F ig . 2.7, s t i l l r ea l i zes and FI with the parameter values 
The c i r c u i t now simulates higher inductance value and has 
control over Q vjith the res i s tance r a t i o k. However, the 
r e s i s t ance count i s increased by four and Q at a given 
frequency i s reduced. Total r es i s tance count i s now s ix ; 
s t i l l being one less than tha t of FI-A and FI-B. 
2 .6 .1 Sens i t i v i ty and S t a b i l i t y Considerations for the 
Inductor 
In t h i s section, we f i r s t evaluate the s e n s i t i -
v i t i e s of L and Q to var ia t ions in act ive and passive comrjo-
59 
PI6.2.?. FLOATING iNOUCTOR WITH Q-CO^'T;:C; 
( 3 ) 
ir ^ ^ 
i 
f? 
* j 
T" 
<u) 
CC) 
FIG 2 .e (a )G l SIMULATOR OBTIANED FRG.vi FI OF F1G.2.5CG) 
(b) PASSIVE EQUIVALENT OF THE G I . 
(C; MOOIFJEO GI WITH Q-CONTROL • 
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nen t s . This requires the use of most general expressions 
for the y-paramaters (2.38) , when R .^^  R' and B /^  B' . The 
s e n s i t i v i t y study i s made for the inductance L. . and qual i ty 
factor Q. . ( i , j= l ,2 ) . These are obtained from the y-parameters 
(2.38) by assuming sinusoidal exc i ta t ion , s = jw. The admi-
t tances and Q are r e l a t ed by 
Y^j{w) - R („) + j „ L. .(w) ( 2 . 4 5 ) 
I J I J 
wL . . (w) 
U s i n g (2 .45) and (2 .46) w i t h ( 2 . 3 8 ) , t h e i n d u c t a n c e L 
( / . -^S) 
i j 
r e s i s t ance R. . and qua l i t y factor Q. ., ( i , j= l , 2 ) are eva 
X J -L J 
lua ted and are given in Table 2 .3 . Applying (1.5) on 
T.^LE - 2.3; Expressions of the inductance (L. .) , 
r es i s tance (R, .) and qual i ty factor (Q .) 
~ 
_ _ 
R 
11 
w^R 
2 „ 2 
w +B 
^ 1 1 
BR 
2 n 2 
w +B 
Q i i 
B 
w 
1 
' R 
12 
0 
^ 1 2 
R 
'B 
Q,2 
OD 
R 
21 
0 • 
^ 2 1 
R' 
'B 
^ 2 1 
OD 
1 
" • ' 
R 
22 
w^R' 
2 7 
w^+B' '^ 
^ 2 2 
B ' R ' 
w^+B • 2 
^22 
B ' 
w' 
expressions, the L- and Q- s e n s i t i v i t i e s are obtained. 
The f inal r e su l t s are given in Table 2.4 for the nominal 
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v a l u e s of t h e componen t s , i . e . , B = B ' and R = R ' . I t i s 
o b s e r v e d t h a t t h e FI e x h i b i t s v e r y low a c t i v e and p a s s i v e 
s e n s i t i v i t i e s , b e i n g l e s s t h a n o r e q u a l t o u n i t y , i . e . . 
L S i i ' Q. ,L<i. from s e n s i t i v i t y c o n s i d e r a t i o n s t h e c i r c u i t 
has d e f i n i t e a d v a n t a g e o v e r t h e l o s s y RC a c t i v e F i s o b t a i n e d 
b y D u t t a Roy ' s t e c h n i q u e , where some of t h e a c t i v e L - s e n s i -
t i v i t i e s a r e g r e a t e r t h a n one and some a c t i v e s e n s i t i v i t i 3 S 
2 
a r e p r o p o r t i o n a l t o Q . 
TABLE - 2 . 4 ; S e n s i t i v i t y f i g u r e s f o r t h e FI o f 
S e c t i o n 2 . 6 . 
S e n s i t i v i t y 
CO o f 
I n d u c t a n c e 
L 11 12 ' 21 22 
R 
B 
B 
1.0 
0 
2 ^2 
w -B 
w +B 
1.0 
0 
- 1 . 0 
0 
1.0 
0 
c 1* 
J O 0 1.0 
0 
1.0 
0 
W__;^B_ 
2 ^ 2 
w +B 
--:1* 
•"'Tn magni'Cnde 
We n e x t s t u d y t h e s t a b i l i t y a s p e c t o f ths FI s imu-
l a t o r . The s u b s t i t u t i o n of y - p a r a m e t e r s from (2 .38 ) i n t h 
e x p r e s s i ' j n of s t a b i l i t y i n v a r i < " n t f a c t o r (2 .36) g ivesY\> j , l 
f o r a l l v a l u e s of w. T h i s shows t h e c i r c u i t t o b e u n c o r -
d i t i o n a l 3 . y s t a b l e . Also d u r i n g t h e e n t i r e c o u r s e o f 
( expe r imen ta l i n v e s t i g a t i o n s , s t a b i l i t y d i d n o t p o s e any 
p r o b l e m . 
, -6 2-
2.6.2 Grounded Inductance Realization 
The f loa t ing inductor has the v e r s a t i l i t y of 
conversion to GI. Two iden t i ca l GI simulators may be obtained 
from the FI by pul l ing out the non-inverting terminals of 
the OAs from P and P ' and connecting them to ground. The 
resu l t ing GI simulator i s shown in Fig, 2.8(a) . I t s analysis 
gives the RL-driving point admittance: 
Y^^(s) = 1/R + B/sR (2.47) 
whose parameters are given by (2.42) and (2.43) . I t s passive 
equivalent i s shown in Fig. 2.8(b) . As in the case of FI, 
a po ten t ia l divider may be included i f large L-values and 
control over Q i s required. Modified c i r c u i t of the GI with 
Q control i s shown in Fig . 2.8(c) . I f the FI simulator is 
fabr icated by the hybrid IC technology, the same bas ic block 
may be used to obtain dual i den t i ca l GI simulators by .•• 
appropriate opening of connections. This GI simulator of 
F ig . 2.8(a) has also independently been arr ived by Nandi 
All the active and passive s e n s i t i v i t i e s of the inductance 
and qua l i ty factor for the GI are equal to or loss than 
uni ty , in magnitude. 
2.7 S tab i l iza t ion of B Against Temperature and Ejas 
Voltage Drifts 
We have seen tha t in a l l the L-simulators studieo 
in t h i s chapter, the inductors parameters and i t s Q are 
functions of gain bandwidth product B, which i s i t s e l f 
s e n s i t i t i v e to var ia t ions in temperature and b i a s voltage 
(sect ion 1.5.1). As wi l l be shown in next sect ion, compen-
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sat ion scheme i s not e ssen t ia l i f the c i r c u i t i s to be used 
under ordinary laboratory condi t ions . However, for the 
rea l i za t ion of exactpsrarreter values under varying environ-
mental conditions, an appropriate compensation scheme i s 
necessary, A number of B s t a b i l i z a t i o n techniques were 
b r i e f l y discussed in section 1 .5 .1 . Looking at the s impl ic i ty 
of the c i r c u i t s , the use of temperature compensated OA, l ike 
LH 324, seems to be most p rac t i ca l and economical to use. In 
case of b i a s voltage var ia t ions , a regulated power supply may 
be used. In fact , as a l l the c i r cu i t presented in the thes is 
are simple and use low component count, the scheme discussed 
above i s also recommended in the other cases for the s t a b i l i -
zation against T- and V- d r i f t s . 
2.8 Experimental Results 
In t h i s sec t ion , some of the GIs and FIs are 
designed and experimentally ve r i f i ed . The d e t a i l s of e.xpe- , 
r imsntal inves t iga t ions are given below. 
The grounded inductance simulator, GI-B, was designed 
and fabricated 'using amplifier, LM 741, and descrete r e s i s -
t o r s of one percent to le rance . By measurement, B of the 
OA was found to be 2 T 7 ( 0 . 8 7 ) M r a d . / s e c , a t room temperature 
( 15°C) and bias voltage of J: 9 v o l t s . We r e a l i z e GI-B with 
nominal values of induc to r s ' s parameters as: L = 5.5 mH, 
Q = 5 at 28.3 KHz. On se lec t ing r^ = r^ = 1, we get 
R, = loo ohms, R- = R_ = R. = 15K ohms. The c i r c u i t was 1 2 3 4 
t e s t ed over a wide range o£ temperature without using an^ y 
B-s tab i l i za t ion scheme. In Fig. 2.9, the var ia t ion of para-
meters of GI-B with temperature is given at 5KHz- The 
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r e s u l t s show a dominant dependence of simulated L- and Q-
values on B; the , respect ive, deviat ions being 25.0 and 
2 3.8 percent, when the temperature i s varied from o°C to 
7o°C, The effect ive res i s tance , R , i s qui te i n sens i t i ve to 
B var ia t ions . The corresponding var ia t ion in R being one 
percent . To demonstrate the effect iveness of temperature 
compensated OAs in s t a b i l i z i n g the performance of active-R 
c i r c u i t s under temperature va r ia t ions , an iden t i ca l GI-B V7as 
rea l ized using LM 324 amplif ier . The same se t of passive 
components were used, as in the previous r ea l i za t ion of Gi-E. 
Also, the temperature compensated OA was chosen (a f te r mc£-sur; 
ment over a batch of amplifiers) which had the same B as tna t 
of the uncompensated OA, LM 741. The t e s t r e s u l t s on tho 
new c i r c u i t are also included in Fig. 2 .9 . Those show tha t 
the parameter deviat ions are minimized to a grea t extent . 
The deviations in L- and Q- parameters are now respect ively , 
3.4. and 3.3 percent over a range of 0°C through 7o^C. Once 
again, the var ia t ion in R i s small, being of the same order 
as tha t with amplifier LM 741. 
We now demonstrate thfet i f the experiments are 
performed under ordinary laboratory condit ions, B-Stabi l iza-
t ion i s not e s s e n t i a l . The two iden t i ca l inductors , respec-
t ive ly , fabricated with LM 741 and LM 324 OAs and d i s -
cussed abov^, wore t e s t ed in the ordinary laboratory condi-
t ions over a wide frequency pange. For the inductor using 
the compensated OA, a regulated power supply was also used. 
The measured param3ters values for the two cases are shown 
in Fig. 2.10; these a re , p r ac t i ca l l y , found to be i d o r t i c d 
- 6 6 -
t o each o t h e r . The o v e r a l l c o n c l u s i o n i s t h a t B - s t a b i l i z a -
t i o n i s r e q u i r e d i f t h e e x p e r i m e n t i s t o b e p e r f o r m e d i n 
v a r y i n g e n v i r o n m e n t a l c o n d i t i o n s . Thus , i t i s e s s e n t i a l i n 
p r a c t i c a l a p p l i c a t i o n s o f a c t i v e - R c i r c u i t s . However, unde r 
o r d i n a r y l e b o r a t o r : y c o n d i t i o n s , t h e r e i s no marked d i f f e r e n c e 
w h e a t h e r B.- s t a b i l i z a t i o n i s u s e d o r n o t . T h e r e f o r e , a l l t h e 
e x p e r i m e n t s r e p o r t e d i n t h i s d i s s e r t a t i o n a r e p e r f o r m e d i n 
t h e o r d i n a r y l a b o r a t o r y c o n d i t i o n s u s i n g uncompensa ted OAs 
of t h e t y p e 741 o r 747 , and w i t h o u t employing any B - s t a b i l i -
z a t i o n scheme a g a i n s t t e m p e r a t u r e and b i a s v o l t a g e d r i f t s . 
The i n d u c t o r s GI-A, FI -B and t h e FI o f s e c t i o n 2.6 
were a l s o d e s i g n e d and t e s t e d . F o r t h e r e a l i z a t i o n of 
GI-A, a m p l i f i e r SMC 741 was s e l e c t e d . I t s p a r a m e t e r s b y 
measu remen t s wer^ found t o b e B = 2 fT xlO r a d / s e c . and 
R = 70 ohms. I f R, = R^ = lOO ohms, R^ = 7 8 . 5 K ohms and O 1 4 2 
R-, = 87.25K ohms, t h e n an a c t i v e i n d u c t o r w i t h L = 12 .5 mH 3 s 
R = 1 0 . 8 ohms and C = 11.6 a t lo K r a d . / s e c . i s r e a l i z e d , 
s ' . 
The t h e o r e t i c a l and e x p e r i m e n t a l v a r i a t i o n of L , R and Q 
•^  s s 
i n t h e f r equency a r e shown i n F i g . 2 . 1 1 . A good ag reemen t 
e x i s t s be tween t h e t h e o r y and d e s i g n . 
VJe n e x t r e a l i z e FI -B t o have L = 14 mH, Q = 6 . 1 a t 
27 .6 KHz by c a s c a d i n g , i n a b a c k - t o - b a c k c o n n e c t i o n , two 
i d e n t i c a l b a s i c b l o c k s , which w e r e o b t a i n e d from G I - B . Tv;o 
OAs w e r j s e l e c t e d , from a b a t c h of LM 741 a m p l i f i e r s , which 
5 had t h e f o l l o w i n g p a r a m e t e r s : A = 10 , w = 2 n (10) 
^ o a 
r a d / s e c , R. = 2M ohms and R = 7o ohms. On p r e s e l e c t i n g , 
r = r = 1, we g e t R = 100 ohms, R = R^ = R^ = 22K ohms 
and r = 220. The F I - B , was f a b r i c a t e d , u s i n g d i s c r e t e 
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r e s i s t o r s of 1 pvircent tolerance and t e s t ed under laboratory 
condi t ions. The designed and experimental parameters of 
the FI are shown in Fig. 2.12 over a large frequency range. 
I t i s seen tha t the r:!sults are in good agreement with the 
theory. 
The FI of section 2.6 was fabricated using two LM 741 
OAs. After measurement over a batch of OAs, two amplifiers 
with gain band-width products equal to 2 R (0.72) M rad/scc . 
were se lected. A 5.5 mH inductor was designed with two 25 K 
ohm discre te res i s tances of 1 percent to le rance . Figure 2.13 
shows the var ia t ions of the rea l i zed inductance L , res is te i .c . 
s 
R and Q with frequency. A close agreement i s again obsj rv .a 
between the experimental and the design values over f r^quenc^:.'' 
range of 100 KHz. 
The p r ac t i c a l u t i l i t y of the inductor was domonsz.^.--c 2u 
b;:^  employing them in the rea l i za t ion of some second-order 
f i J t e r s . A passive prototype of second-order bandpass f i l -
t e r i s shown in Fig. 2.14 (a) . I t i s designed to r ea l i ze a 
U of 20 and 40 at 15 KHz. The designed values are given in 
the f igure. In the actual c i r cu i t , the grounded inductor, 
GI-A, which was already designed and t e s t ed (Fig. 2.11), was 
used to replace the passive inductor of 12.5 mH. The desi 
values, the measured values and the response curves are 
given in Fig. 2 .14(b) . The experimental r e s u l t s are foun^ 
to be in close confirmity with the design. 
A second order bandpass f i l t e r of the type shown ±v 
Fig, 2.15(a) was designed for f = 6o KHz and Q = 9 . 4 2 
on 
72 
1.0 -
0'75-
'm 
0.50 
0-25-
simulated Inductor 
o AWv*—T- . 
V3-6,47.2 ' ^ ' 
Vl 
o -
KATLelSlc OxIO^F) 
*—o 
( a ) 
Designed values Measured valuer 
B.P.F<l)lfo 15 KHz 14-5 KHz 
^ [fo 15 KHz 
^ . O o 40 
19-2 
14.94 KHz 
39.2 
C V ^ 3 X'lC"' 
FIG.2.14 ( a ) SECOND OROtR BANDr,~,b. / TER. 
(b ) FREOUENCY RESPONSc CF THE BANDPASS Ft i .TtK 
u 
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sing the simulatGd FI of section 2 .6 . The actual param-jtcrs 
of the FI at 60 KHz were L = 5.5 mH and R = 120 ohms. The 
a s 
f inal design values are included in the f igure . After re -
moving the mismatch (using the re la t ionsh ip 2.4o), the 
forward and backward transmission c h a r a c t e r i s t i c s were 
measured and found to be p r a c t i c a l l y ind is t inguishable from 
each o ther . The frequency response i s shown in Fig. 2.15(b) 
and the designed and measured values o f f and Q are also 
o 
given. The experimental r e s u l t s supplimont the theory. 
In order to study the e f feet of res idual unbalance, 
i . e . / when B/B' jL R/R' , on the rec iproc i ty of the f i l t e r , a 
mismatch of 5% was in ten t ion ly introduced in the por t vol-
tages by increasing R' . The new values of f and Q are give: 
in Fig. 2.15(b) and show a change of 1.82 and 0.19 percor.t, 
respect ive ly , over the values under matched condi t ions . The 
r e s u l t s demonstrate tha t the FI does not require c r i t i c a l 
component matching. Also, the e f f ec t of the source r e s i s -
tance (from O.IK to 5.0 K) was found to be p r a c t i c a l l y neg-
l i g i b l e on the c h a r a c t e r i s t i c of the bandpass f i l t e r . 
2 .9 Active-R Simulation of Frequency .Dependent Negative 
Resistances (FDNRg) and Conductances (FDNCs) 
The FDNR approach to act ive RC synthesis given 
19 by Bruton , i s p a r t i c u l a r l y useful when the f i l t e r s contain 
a large number of FIs . A number of r e l i a b l e RC act ive 
c i r c u i t s are avai lable for the r ea l i za t ion of grounded FDNRs 
However, the conventional drawback of RC act ive c i r c u i t s are 
a lsp present here. The c i r c u i t s are, g eneral ly , char-^cterl-
VI 
- c > -
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3 
s e d by a sma l l f reqvienoy r anqe of o p o r a t i o n . A l s o , thG 
l a r g e component coun t and p a r t i c u l a r l y , t h e u s e o f a t l.j~s-c 
two e x t e r n a l c a p a c i t o r s p e r FDNR a r e n o t a t t r a c t i v e f e a t u r e s 
f o r i n t e g r a t i o n . The o n l y r e p o r t e d work on a c t i v e - R s imu-
l a t i o n of FOSIR i s by Sol iman and Fawzy ' who have givo-n 
t h e r e a l i z a t i o n d f a s e r i e s c o m b i n a t i o n of r e s i s t a n c e , 
c a p a c i t a n c e and FDNR e l e m e n t s u s i n g OA;R n e t w o r k . 
M o t i v a t e d by t h e n o v e l a c t i v e - R r e a l i z a t i o n o f i n d u c -
t a n c e s i m u l a t o r s , i n t h i s s e c t i o n , we g i v e t h e r e a l i z a t i o n s 
of s t a b l e g rounded and f l o a t i n g FDNRs and FDNCs. The c i r c u i t 
a r e shown t o o b v i a t e t o a l a r g e e x t e n t t h e drawbacks of RC 
a c t i v e FDNRs. A l s o , t h e c i r c u i t s w i l l b^e u s e d i n c h a p t e r 3 
i n t h e FDNR approach t o d i r e c t form a c t i v e - R s y n t h e s i s . 
2 . 9 . 1 Grounded and F l o a t i n g FDNR S i m u l a t i o n 
G r o u n d e d FIlJIR: An a c t i v e - R c i r c u i t s f o r t h e r e a l i z a t i o n of 
g r o u n d e d FDNR i s shown i n F i g . 2.16 ( a) . A s t r a i g h t - f o r w a r d 
a n a l y s i s o f t h e c i r c u i t , u s i n g t h e f i r s t - p o l e r o l l - o f f rnodcl 
f o r t h e OAs ( 2 . 3 7 ) , g i v e s t h e d r i v i n g p o i n t i m p e d a n c e . 
Z^^(s) = R + D / s^ (2 . ^8 ) 
where 
R = R^ + R ' D = B R R^ (2 .49 ) 
D o • 1 2 D 
R i s t h e o u t p u t r e s i s t a n c e o f 0A2 and B B^ a r e t h e g a i n 
o 1 2 
b a n d ^ w i d t h p r o d u c t s o f OAl and 0A2. E q u a t i o n (2 .48 ) r e p r e -
s e n t s a n o n - i d e a l FDNR having a s e r i e s p o s i t i v e r e s i s t a n c e 
R. F o r s i n u s o i d a l e x c i t a t i o n , s = jw 
76 
2in(s) 
1 
Az 
(a) 
=t<3r=s3i^ 
Ft6'2-t6t(a|CROUNOEO FONR 
(b)GROUNOEO FONR WITH ANOTHER CONTROL 
PARAMETER R. 
(C)FIOATING FONR 
( 2 . 50) 
Note, the circuit will exhibit zero impedance, i . e . , 
B B R ^ 
ZijwJ = 0, at w = (-R~R > • s s R^+ R^  
To evaluate the quality of the non-ideal FDNR, v;e 
define a figure of merit F . 
F _ Negative resistance at frequency w / „ ,-,% 
D " ~ Series resistance ^Z.'DI) 
B . B R w 2 
= ( - V ^ t e V - ) = ( ^ ^ ^2.52) 
w D o 
The definition of F^^ for series FESSiR resistance combination 
i s similar to Bruton's definition of quality factor for a 
1 Q 
non-ideal FDNR (being a combination of FDNR and capacitor) 
and i s given by 
R Z(jw) 
In both the definition (2.51) and (2.53), parasi t ic resis-
or 
tance^impedance, which makes the FDNR non-ideal, i s in the 
denominator and the frequency d ependent negative resistance 
is in the numerator. For an ideal FDNR, the series para-
s i t i c component i s zero and Q or F^ become inf in i te . I t 
i s clear from (2.49) that, in our case, ideal FDNR i s not 
realizable. 
As in the c ase of inductance simulfeors, the value of 
the FDNR component may be controlled by employing an alter-
nator at the output of the second OA, as shown in Fig.2.16(b) 
In this case, we have ZC^T'^n , , '-'.^ 
f 
^-- ' t^ 
T^033v ;x; J «; / 
^^'^ 
- 7 & -
D = 
B B R 
2.55) 
and 
F = D 
B B R^ 
w^k(R-^+R ) 
D O 
(2.55b) 
The c i r c u i t now simulates high D-values and has control 
over F Ho\;;ever, the res i s tance count i s increased and 
F a t a pa r t i cu la r frequency i s decreased. 
Increamental s e n s i t i v i t i e s are evaluated for the 
grounded FDNR of Fig. 2.16(b) , and are given in Table 2 .5 . 
I t i s seen tha t a l l ac t ive and passive s e n s i t i v i t i e s for D 
and F are low being equal to or l e s s than uni ty in magnitude 
i . e . J S^' D 5 1. 
T7^LE - 2.5: Sens i t iv i ty figures for 
grounded FDNR 
S e n s i t i v i t y 
t o ^^"---^of 
^2 
k 
^D 
R 
o 
D 
1 
1 
1 
1 
0 
j 
^D 
1 
1 
- 1 
R 
o . -
R^ + R •*^ -^  D o 
" ^R° 
^D j 
Fola t inq FIXIR: As in the case^active f loat ing inductors , 
the r ea l i za t ion of f loat ing Fl3S]Rs have, so far, received 
less a t tent ion and no active-R c i r c u i t for i t s simulations 
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i s a v a i l a b l e . Two g r o u n d e d FDNRs of F i g . 2 .16(b) ( a l s o 
2 . 1 6 ( a ) ) may b e combined t o form a f l o a t i n g FDNR c i r c u i t , 
a s shown i n F i g . 2 .16(c ) . Assuming s i m i l a r b l o c k s on 
t h e two s i d e s o f t h e d o t t e d l i n e , a n a l y s i s o f t h e c i r c u i t 
u s i n g t h e OA model on e q n . ( 2 . 3 7 ) g i v e s t h e p a r a m e t e r s 
B B R 
R = R^ + R^, D = -^r^^ (2 .55) 
p r o v i d e d , w < B . I t i s s een t h a t t h e p a r a m e t e r s o f 
f l o a t i n g FDNR(2.55) a r e same a s t h a t o f t h e g r o u n d e d FDL'x. 
The c i r c u i t i s a b s o l u t e l y s t a b l e , e n j o y s v e r y low a c t i v e 
and p a s s i v e s e n s i t i v i t i e s and i s u s e f u l o v e r l a r g e f r e -
quency r a n g e , 
2 . 9 . 2 S i m u l a t i o n of Grounded and F l o a t i n g FDNC 
Grounded FDNC; I n F i g . 2 .17 ( a ) , an a c t i v e - R c i r c u i t i s 
g i v e n f o r t h e s i m u l a t i o n of groionded f r e q u e n c y d e p e n d e n t 
n e g a t i v e c o n d u c t a n c e . I t s i n p u t a d m i t t a n c e e x p r e s s i o n , 
u s i n g (2 .37) , i s g iven b y 
Y(s) = G + ( D ' / s ^ ) (2 .56) 
w h e r e 
1 % 
G = ^ , D' = -^TB- ^2.57) 
D 1 2 
B , B a r e t h e g a i n b a n d w i d t h p r o d u c t s o f OAl and 0A2. 
E q u a t i o n (2 .56) r e p r e s e n t a n o n - i d e a l FDNC, h a v i n g a 
p o s i t i v e conduc t ance i n s e r i e s . For s i n u s o i d a l e x c i t a t i o n , 
s = jw, 
Y(jw) = (1/Rj^) - ( R ^ ^ B ^ w ^ ) (2 .58) 
N o t e , t h e c i r c u i t w i l l h a v e z e r o a d m i t t a n c e , i . e . . 
80 
(a) 
(b) 
FIG.2.t7: (a) GROUNDEC ' . ' N C . 
(b) GROUNDfJy , %C WITH ANOTH-R CONTROL K. 
(c) FLOATING FL ' ^ . 
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Y{ jWg) = o, a t w^ = Rj-,/(B^ ^2 ^ ° e v a l u a t e t h e q u a l i t y 
o f t h e n o n - i d e a l FDNC, we d e f i n e f i g u r e of mei^it foX" t h e 
FDNC {'EQ a l s o b y e q n . ( 2 . 5 1 ) . On s u b s t i t u t i n g t h e p a r a -
m e t e r s from (2 .57) , we g e t 
B B w^ 
% = -t2 = ^ — ) ' (2 .59) R: D s 
The v a l u e of Fia^C component may b e c o n t r o l l e d by employing 
an a t t e n u a t o r a t t h e o u t p u t o f 0A2 a s shown i n F i g . 2 .17(b) , 
I n t h i s case, we have 
kR B B w^ 
° ' = B B ^ d F ^ = - ^ (2 .60) 
1 2 kRj^ 
The c i r c u i t , now has c o n t r o l o v e r D' and F ' • however , t h e 
r e s i s t a n c e c o u n t i s i n c r e a s e d and F ' a t a g iven f r e q u e n c y 
i s d e c r e a s e d , as i n t h e c a s e o f FDNR. The a c t i v e and p a s s i v e 
s e n s i t i v i t i e s f o r D and F ' a r e evalufeed and a r e fox^md t o b e 
e q u a l t o o r l e s s t han u n i t y i n m a g n i t u d e . 
F l o a t i n g FDINC: F i g . 2 . 17 (c ) shows a f l o a t i n g FO^C employing 
f o u r OAs and two r e s i s t o r s . F o r i d e n t i c a l b l o c k s on t h e 
two s i d e s o f t h e d o t t e d l i n e , t h e p a r a m e t e r s o f f l o a t i n g 
FOSIC a r e same as t h a t o f t h e g r o u n d e d FDNC and e q u a t i o n s 
(2 .58 ) t h r o u g h (2 .59) a r e a p p l i c a b l e . 
2 . 9 . 3 E3ff)^rim^ntal' R e g u j t s 
The g rounded FDNR of F i g . 2 .16(b) was e x p e r i -
m e n t a l l y i n v e s t i g a t e d b y employ ing i t i n t h e r e a l i z a t i o n o r 
a b a n d p a s s f i l t e r of t h e t y p e shown i n F i g . 2 . 18 (a ) . The 
c i r c u i t i s d e s i g n e d t o r e a l i z e a Q of 8 a t 4oKHz. The 
r e a l i z a t i o n of t h e b a n d p a s s f i l t e r i s g iven i n F i g . 2 .18(b) . 
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FlG.2.18:{ajSEC0MD ORDER BAND PASS Fi^TER. 
(b)BANO PASS FiLTER CIRCUIT WITH SIMULATED FDNR 
(C) FREQUENCY RESPONSE. 
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The two amplifiers used in the fabr ica t ion are LM 741 ha'/in.^ 
measured values of R = 7 5 ohms and measured value of B = 
o 
2rTM r a d . / s e c . The designed and measured parameters and 
the frequency response are shown in Fig. 2.18(c) . The 
r e s u l t s are seen to be in good agreement with the theory. 
2 . lo Conclusions 
Active-R circxii ts of grounded and f loa t ing 
inductars / FWRs and FDNCs are given and c r i t i c a l l y studied, 
keeping performance and s u i t a b i l i t y to microminiaturization 
aa che prime c r i t e r i a general , i t i s found t h a t the c i r c u i t s 
possess a number of des i rable features mentioned in the 
int roduct ion of t h i s chapter . All the c i r cu i t s have r e l i a b l e 
high frequency performance, and s u i t a b i l i t y to IC fabrica-
t ion , pa r t i cu l a r l y , due to the absence of ex te rna l capaci tors , 
In chapter 3, the c i r cu i t s wi l l , subsequently, be used in 
active-R immittance simulation and FDNR approaches to d i rec t 
form synthes is . 
The low component grounded and f loat ing inductors 
GI-A and FI-A, have good high frequency performance and 
s u i t a b i l i t y to IC fabr ica t ion . However, t h e i r high Q-
s e n s i t i v i t i e s and po ten t i a l u n s t a b i l i t y r e s t r i c t s t h e i r 
use to low Q- appl ica t ions . The inductors GI-B and FI-B 
are found to re ta in a l l the advantages of the previous 
c i r c u i t s and, at the same time, »^ obviate t h e i r drawbacks. 
The c i r c u i t s have very low s e n s i t i v i t i e s ; a l l the s e n s i t i v i t y 
figures being less than or equal to one. Also, independent 
Q-tuning i s poss ib le . A f loat ing inductance simulator i s 
given which uses a very low component count of only two OAs 
-84-
and two equal value r e s i s t o r s . The c i r c u i t has a l l the 
novel featurss of FI-B, except for independent tuning. 
modified c i r c u i t of the inductor i s given, in which higher 
L-values are simulated/ alongwith, control over Q. The FI 
has versatiuLity of conversion to two iden t i ca l GIs by proper 
opening and grounding of connections. 
I t i s seen tha t the inductance simulators of section 
2.6 are sui table for rea l iz ing high Q values a t lower fre-
quencies. This i s also t rue for inductors A and B where 
R- i s made zero. With 7 41 type of OAs/ the c i r c u i t behave 
as loss less inductor up to a frequency of about 10 KHz. At 
higher frequencies, the c i r c u i t s simulate lossy inducto» 
with def ini te and predic table loss component. However, 
when R = 0/ independent Q-tuning i s not poss ible in induc-
t o r s A and B. 
Non-ideal grounded and f loa t ing FDNRs and FDNCs are 
rea l i zed and s tudied. The grounded FDNR and FnsiC c i r c u i t s 
have low component count and a l l the s e n s i t i v i t i e s are loss 
than or equal to one. The f loa t ing FDNR has the drawback of 
using large act ive and passive component count. Basical ly, 
a l l the simulators are non-ideal , however, they behave as 
ideal FDNRS/FENCs, l ike the inductance s imulators . 
A B-s tab i l iza t ion scheme, for the c i r c u i t s studied in 
the d i s se r ta t ion i s suggested. Extensive experimental ver i -
f i ca t ions are included which suppliment the theory. Appli-
cat ions of the c i r c u i t s ara demonstrated by fabr ica t ing 
f i l t e r s with the simulated components. 
GH/.PTER - 3 
SIMULATION OF C/>PACITORS: ACTIVE~R DIRECT 
FORK SYNTHESIS* 
3 . 0 I n t r o d u c t i o n 
I n t h e I C s , oost i s a d i r e c t f u n c t i o n of c h i p 
a r e a and t h e number o f s t e p s r e q u i r e d i n t h e f a b r i c a t i o n o f 
a c h i p . M i c r o m i n i a t u r i z e d c a p a c i t o r s o c c u p y l a r g e r a r o j •-, 
compared t o r e s i s t o r s and a c t i v e d e v i c e ; a l s o t h e f a b r i c - -
t i o n s t e p s a r e l a r g e . For e con omic a l i n t e g r a t i o n , i t i s , 
t h e r e f o r e , n o t o n l y d e s i r a b l e t o r e d u c e t h e number of c a p ? -
48 51 
c i t o r s , b u t a l s o t h e t o t a l c a p a c i t a n c e p e r c h i p ' 
G e n e r a l l y , i n l i n e a r i n t e g r a t e d a c t i v e n e t w o r k s , Tanta lurr 
m e t a l (TM) t h i n - f i l m c a p a c i t o r s a r e u s e d b e c a u s e o f t h o i r 
h i g h q u a l i t y , i n i t i a l p r e c i s i o n , h i g h s t a b i l i t y and b e t t e r 
t e m p e r a t u r e c o e f f i c i e n t s . Moreover , i n I C s , i t i s d e s i r a b l e 
t o u s e , as f a r a s p o s s i b l e , g rounded c a p a c i t o r s (GCs) . I n 
t h e f a b r i c a t i o n o f GCs, t h e e t c h i n g p r o c e s s i s e l i m i n a t e d 
and t h e number o f g o l d c o n t a c t s a r e r e d u c e d ; t h i s l e a d s t o 
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g r e a t e r c i r c u i t r e a l i b i l i t y a t low c o s t . I n t h i s d i r e c -
t i o n , some a t t e m p t s were made f o r r e p l a c i n g f l o a t i n g capg.c i -
t o r (FC) i n a c i r c u i t b y an a c t i v e RC netw^.rk u s i n g a 
2 lO g r o u n d e d c a p a c i t o r ^ ' -^^, 
I n view of t h e p rob lems a s s o c i a t e d w i t h t h e u s e of 
c a p a c i t o r s i n I C s , t h e c o n c e p t o f e l i m i n a t i n g them, w i t h o u t 
*This c h a p t e r i s p a r t l y b a s e d on t h e f o l l o w i n g p a p e r s o f t h e 
a u t h o r : ' S i m u l a t i o n o f g rounded c a p a c i t o r u s i n g o p e r a t i o n a l 
a m p l i f i e r and r e s i s t a n c e ' . E l e c t r o n i c s L ^ t t ^ r s , v o l . 14, 
n o . 19, p p . 6 33-6 34, S e p t . 1978; 'A low component o s c i l l a -
t o r w i t h o p e r a t i o n a l a m p l i f i e r s and r e s i s t a n c e s ' , I g t h 
A s i l p m a r Confe rence qn C i r q u i t s Sys tems and Computer , 
C a l i f o r n i a (USA) , Nov. 1978; 'On t h e d i r e c t form a c t i v e - R 
s y n t h e s i s : The i m m i t t a h c e s i m u l a t i o n and FDNR a p p r o a c h e s , 
s u b m i t t e d f o r p u b l i c a t i o n . 
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rel inquishing any of the des i rable q u a l i t i e s associated 
with them, i s very a t t r a c t i v e one, and i s persued in thfs 
chapter. Stable C-simulators for, both, grounded and 
f loat ing capaci tors are given, which use only OAs and r e s i s -
tances . The c i r c u i t s are obtained by employing pole of an 
OA and, therefore , have good high frequency performance. 
The capacitance simultors, alongwith, the other component 
simulators of chapter 2 are then used to obtain complete 
active-R c i r c u i t s , using the immittance simulation and the 
FDNR techniques to d i r ec t form syn thes i s . A method i s olso 
given for generating active-R networks from the availab.ij 
ac t ive RC networks of known des i rable q u a l i t i e s . 
The chapter i s organised as follows. Section 3. I 
deals with the r ea l i za t ion and study of a GC-simulator u :;ir ;; 
only one OA. In section 3.2, a high qua l i t y GC-simule'-i 
using two OAs i s given. I t is c r i t i c a l l y studied and sorue 
modified c i r c u i t s are also included. In sect ion 3.3, e 
general GC-simulator, using an a r b i t r a r y number, n, of OAs, 
i s given. I t i s used in the study of capacitance-simulators 
for n = 3, 4 and 5, and a comparative assesment i s made of 
the dif ferent GC-simulators. Simulation of f loat ing capa-
c i t o r (FC) i s c r i t i c a l l y studied in s ection 3.4. I t s 
de ta i l ed s e n s i t i v i t y analysis i s given in section 3.5 . 
In section 3.6, the application of simulated capaci tor i s 
shown in obtaining active-R c i r c u i t s using the d i rec t & r/ 
synthesis technqiues. Design and experimental r e su l t s cr. 
networks rea l ized by the above approach are given in sj-"-.. : 
3.V. As an i l l u s t r a t i o n of d i rec t form technique, c^  ^^  
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component ac t ive-R sinewave o s c i l l a t o r i s r e a l i z e d i n 
s e c t i o n 3 . 7 . 2 . R e a l i z a t i o n of ac t ive -R c i r c u i t s from 
e x i s t i n g a c t i v e RC ones , i s cons idered in s e c t i o n 3 .S . Tho 
o v e r a l l conc lus ions are given in s e c t i o n 3 .9 . 
3 . 1 Simulat ion of Grounded Capac i to r 
In t h i s s e c t i o n , a s imple c i r c u i t , shown in 
F i g . 3.1(a) i s given for s imula t ion of grounded c a p a c i t o r . 
I t uses on ly one OA and one r e s i s t a n c e . With t h e OA 
c h a r a c t e r i s e d by s i n g l e - p o l e r o l l - o f f model ( 1 . 2 ) , we ge t 
t he i npu t impedance 
Z(s) = R (1 + - - -§—) . (3.1) 
c s+w 
Equation (3.1) r e p r e s e n t a los sy c a p a c i t o r , and i t s e q u i v i -
l e n t c i r c u i t i s shown in F i g . 3.1(b) . The parameters a re 
C = r ^ , R = A R and R = R . (3.2) 
P c p o c c 
For s i n u s o i d a l case , s=:jw, we r e p r e s e n t (3.1) by 
-• s 
where C and R a r e , r e s p e c t i v e l y , t he equ iva l en t s e r i e s 
c a p a c i t a n c e and r e s i s t a n c e of the l o s s y c a p a c i t o r and are 
given by 
2 2 
w + w -> 
DW R C 
C 
R := R ^ _ ^ _ a i R ( 1 + ^ ) . (3 ,5) 
S C ^ '^  C ^ 
w +w w 
a 
The q u a l i t y f a c t o r o f t h e s i m u l a t e d c a p a c i t o r i s 
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S S 
» Bw 
2 „ 
w +Bw 
a 
Bw 
2 2 
w +w +Bw 
a a 
• 
( 3.6) 
( 3 . 7 ) 
The approximated expressions in (3.4) , (3.5) and (3.7) are 
2 2 
valid in the frequency range, w >:?-w . The variation of 
Q with frequency (3.6) are shown in Fig. 3.2 for 741 cr 
747 type of OAs, typically, having B = (2/7) lOM rad./sec. 
and w^  = ( 2 /T ) 10 rad./sec. The simulated capacitor has 
a maximum Q of nearly 158 at a frequency of about 316o Hz. 
Q remains greater than lo over a large frequency range of 
4 
10 w < w c 10 w , 
a^ a 
As in the case of simulated inductor cuf section 2.6 
value of the simulated capacitor (3.4) can be incroascd 
by a factor ' r ' on using an attenuator at the output of 
the OA. This, however, lowers the quality of the capacitor, 
which i s now, 
p, B w . B w , , p> 
U = 2 2 ~ — 2 * V j . o ; 
r ( w +w ) +Bw rw + Bw 
a a a 
In Fig. 3.2, the variations of Q (3.8) are given, for 
741-type of OAs, for r = 2 and 10. Now, for realizing 
Q>10, the frequency ranges in the two case are, resoac-
tively, 100 Hz to 5o KHz and loO Hz to 10 KHz. Hencj f-. 
C-enhancement is at the cost of the effective frequency 
range and maximum Q of the circuit . 
Increamental sensitivity figures for the GC-simulf-
tor (with attenuator) are given in Table 3.1. All the 
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RpeAoRc 
(b) Ic) 
FIG.3.1:(a) SINGLE OA REALIZATION OF GROUNDED CAPAQTANC 
(b) PASSIVE EQUIVALENT CIRCUIT OF GC 
(c) SERIES R-C REPRESENTATION OF THE NON-IDEAL 
CAPACITOR. 
10^^ 
4 10 -^1 
a 
10 
no attenuator cral) 
rx2 
r»io 
K)^  K)"* 10' 
frequency (Hz) 
F I G . 3 . 2 : VARIATION OF a WITH FREQUENCY 
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s e n s i t i v i t i e s o f C and Q a r e l e s s t h a n o r e q u a l t o ono i n 
1 O C ' 
m a g n i t u d e , i . e . S ' s j < 1 . 
T / ; £ L E - 3 . 1 ; S e n s i t i v i t y f i g u r e s f o r GC-
s i m u l a t o r u s i n g one OA. 
S e n s i t i v i t y 
t<2_ •ot 
Q 
R 
B 
- 1 . 0 
- 1 . 0 I - ^ - ^ ^ a - ^ 
j r ( w +wf) +Bw I a a 
1.0 
r(w^+w^) 
S_ 2 2 
r ( w +w ) +Bw 
a__ ^ 
< 1' 
< 1 
''In m a g n i t u d e . 
o f 
I t i s seen t h a t t h e G C - s i m u l a t o r u s e s v e r y s n - i l 
n u m b e r / a c t i v e and p a s s i v e components and h a s v e r y low s e n s i -
t i v i t i e s . However, i n some a p p l i c a t i o n s , where Q - r e q u i r e -
ments a r e v e r y s t r i n g e n t , i t s u s e may n o t b e recommended. 
I n t h e n e x t s e c t i o n , a h i g h Q G C - s i m u l a t o r u s i n g two Ohs i s 
g i v e n and i s shown t o b e more s u i t a b l e f o r such a p p l i c a t i o n s . 
3 . 2 S i m u l e t i o n of High Q u a l i t y Grounded C a p a c i t o r 
The G C - s i m u l a t o r f o r t h e s i m u l a t i o n of h i g h Q v a l u e s 
i s g i v e n i n F i g . 3 .3 (a ) . I t u s e s two OAs and one r e s i s t a r i c o . 
We assume b o t h t h e OAs t o b e c h a r a c t e r i z e d by t h e s i n g l e -
p o l e r o l l - o f f mode l . 
A . w . B 
A ( s) = -^^^ S i - _ 3=— 
i s + w . s + w . 
a i a i 
i = 1, 2 (3 .9 ) 
A s t r a i g h t - f o r w a r d a n a l y s i s o f t h e c i r c u i t g i v e s t h e 
d r i v i n g - p o i n t impedance : 
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B B 
Z(s) =R (1+ ^-2 ) (3.10) 
( s+w ,) (s+w ^+BJ 
al a2 2 
For sinusoidal excitation, we represent 
Z(s)j = Z(jw) = R * 7~c- (3.11^  
's=jw -• s 
The equivalent s e r i e s capacitance C and res i s tance R , 
s s 
when A_. » 1 , are given by: oi 
W S B B^w^ + w B^ (B_-B ) 
R = R J=^-_.|i - i — 2 _ _ 1 _ (3 .12a) 
w +B (w +w ,) 2 a l 
w^+B B^w^T+w^B„(B - B J 
w + B w 
4 ^ 2 , 2 2 . 
, w +B (w +w ) 
c w B^B^ 
T (w^ + BI ) 
J^ -^__ (3 .13b) \4 
s 
R 
when R (3.12) i s ensured pos i t ive , equation (3.11) repre-s 
sents a s table lossy capacitance. The qual i ty factor of 
the simulated capaci tor i s 
^ B ^ B | ^ 
w^B^B^w^^^ W2B2(B2-B^) 
The approximate expressions (3.12b) and 3.13b) are va l id 
2 2 2 
for the frequency range, w » w . , w „. For condition, 
B, = B^ = B and w - = w ^ = w , which are not d i f f i c u l t to 1 2 a l a2 a 
achieve with dual OAs on the IC chip (such as LM 747 OAs) , 
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egua t i ons ( 3 . 1 2 ) , (3.13) and ( 3 . 1 4 ) , r e s p e c t i v e l y become 
w + Bw 
R = R -^-^-~f- ^3.1^:; 
w (w +B ) 
2 o2 
^ B \ 
c 
Q = -4-^^-3 (3.17) 
w +B w 
a 
The p r e d i c t e d v a r i a t i o n of Q, given by equat ion (3.17) i s 
shown in F i g . 3.3(b) for 741 o r 747- type of OAs having the 
normal parameter v a l u e s . The f i n i t e maximum Q and i t s 
frequency i s o b t a i n e d from (3.17) a s : 
(3.1^) Qm 
m^ 
_ 1 ( 3B *^ 
- 4 ^ w ^ a 
B\ ^ 
- ( ^ ) 
^ 3 ^ ( 3.19) 
For nominal pa ramete r s , Q and w a r e , r e s p e c t i v e l y , 3200 
m m 
and 43 KHz. Good q u a l i t y i n t e g r a t e d t h i n - f i l m c a p a c i t o r s 
48 (TM-capacitors) , t y p i c a l l y , have a Q of about 250 . our s i -
'mul^t^d t:r»pocitor has a Q equal to o r b e t t o r than the Tr-
c a p a c i t o r over an app rec i ab l e frequency range, i . e . Q>250 
from about 2.5 KHz to 158 KHz. Thus, t h e c i r c io i t s imula t e s 
high Q-capaci tor over t h e genera l frequency range of i n t e r e s t 
t o ac t ive -R c i r c u i t s . 
I t i s seen t h a t t he value of t h e s imula ted capacit-or 
(3.13) and i t s q u a l i t y f a c t o r (3.14) a r e , dependent on E 
and B . There fore , the e f f e c t of r educ t i on in B B or 
b o t h a re s t u d i e d . E f f e c t i v e r educ t ion in B i s o b t a i n e d 
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(a) 
f 
a 
10' 
10-
io2 
10 . 
for fig. 3-3(0) 
for fig.34(0) rs^ 
for f|g.3-4(b) r=4y<T 
\0^ 10 ** 10' 
r»G.3.3(a) HIGH Q GROUNOEO CAPACITANCE SIMULATCP 
(b) VARIATION OF 0 WITH FR?aUENCY 
Re R(r-i 
T 
Of^MW^^-<hvWv^<A2' R ('--') 
(b) 
flG'3-^: SCHE.v.ES FOR iS'CREASING THE MAGNITUDE OF 
SIMULATED CAPACITOR-
V'Q) WiTH TWO MATCHED ATTENUATORS, 
(b) WiTri ONE ATTENUATOR. 
2(s) 
riG<3;-4(c)SCn£ME FOR INCREASING Q OF THE 
CAPACITOR. 
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b y e m p l o y i n g a t t e n u a t o r a t t h e o u t p u t o f an OA. T h e t h r e a 
c a s e s o f i n t e r e s t a r e shown i n F i g s . 3 . 4 ( a ) t o (c ) . T h e 
r e s p e c t i v e / m o d i f i e d e x p r e s s i o n s o f C a n d Q a r e g i v e n i n 
T a b l e 3 . 2 . By r e d u c i n g B a n d B s i m u l t a n e o u s l y ( c a s e 1 ) / 
o r B a l o n e ( c a s e 2) / t h e v a l u e o f c a p a c i t o r i n c r e a s e s 
a n d q u a l i t y f a c t o r g o e s d o v n ; F i g . 3 : 4 ( a^ i f c .b ) J^educ t ion i n B 
a l o n e ( c a s e 3 ) , i n c r e a s e s t h e q u a l i t y , w h i l e k e e p s t h e C-
v a l u e a l m o s t c o n s t a n t ; F i g . 3 . 4 ( c ) . 
TABLE.,- 3 . .2: M o d i f i e d c i r c u i t s f rom t h e t w o OA G C - s i m u l a t o r 
E f f e c t i v e ! 
r e d u c t i o n C 
i n 
M o d i f i e d P a r a m e t e r 
B^ a n d B^ 
F i g . 3 . 4 ( a ) 
C a s e I 
B , 
Q' 
rC B w 4 3 3 
w r +B w. 
c a s e 2 
i?r 
B w 
' i g . 3 . 4 ( b ) ; rC^j ^^ _^  3 ^ 
+B w + B ^ w ^ ( r - 1 ) 
61 
B 
" i g . 3 , 4 ( c ) ; C 
C a s e 3 
B- JcL 
Qm 
^ | W V B \ r-BV(r-l) 
Q, 
m 
.3/4 
A i-
OD 
', Remark 
w_ 
m 
w_ 
m 
.3/4 
R e q u i r e s 
t'^o ifc;tch4d 
a t t e n u a t o r ' ^ 
B 
K^^-i)3 
-I 
Q ' - r e d u c e s 
c o n s i d e r -
a b l y . 
r - 1 ^ 
- ^ B ( - ~ ) 
P o t e n t i a -
l l y un-
s t a b l e a t 
v e r y h i g h 
Q - v a l u e s 
I n c a s e 1, t h e c a p a c i t a n c e v a l u e i s i n c r e a s e d and t h e r e -
d u c t i o n i n Q i s a l s o n o t l a r g e . The scheme, however , 
r e q u i r e s two matched a t t e n u i a t o r ^ . . I n c a s e 2, a d r a s t i c 
r e d u c t i o n i n Q t a k e s p l a c e a t t h e c o s t o f C-enbancement . 
I n c a s e 3, v e r y h i g h Q v a l u e s a r e s i m u l a t e d . I d e a l - C r e a l i -
z a t i o n , i . e . , Q-^TO, i s p o s s i b l e , t h e c i r c u i t i s , hov.'ev^r, 
p o t e n t i a l l y u n s t a b l e . 
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3• 3 A Ggngral To];oloqy for the jSimulatlon 6f Grounded 
Capacitor; 
I t i s seen tha t the GC-simulator of sect ion 3.2 i s 
a topological extension of the GC-simulator of section j . l . 
The increase of one OA was rewarded with considerable en-
hancement in the qual i ty factor of the simulated capac: tor . 
This motivates us to consider the extension of the bas ic 
topology to accommodate an a r b i t r a r y number n, of OAs. Ihc 
c i r c u i t i s shown in Fig. 3.5(a) . I t i s studied for the 
cases of three/ four and five OAs. When the OAs are charac-
t e r i z e d by t h e i r s ingle-pole ro l l -o f f model, analys is of 
the c i r c u i t gives i t s input impedance: 
Z ^ ^ ( s ) = R ^ 
B B^ B , B 
- 1_2 : n - ^ n 
B B B (s+w J +B_B. B (s+w J ( s+w J 
2 3 n a l 3 4 n a l a2 
H +(s+w J (s+w J (s+w ) 
; a l a2 an 
( 3 . 20) 
Equation (3.20) reduces to (3.1) and (3.10) for n=l and 2, 
respect ive ly , these cases have already been s tudied in tiie 
l a s t two sec t ions . For n = 3,4 and 5, under s inusoidal 
operat ion, we find the effect ive capacitance and the 
corresponding qual i ty fac tor . These are given in Table 3.3. 
Predicted var ia t ions of Q for n = 3 and 5, which 
are obtained from Table 3.3 are shown in Fig. 3.5(b) for 
741 or 747 type of OAs. For n = 4, the curve i s not plot-o^A 
as i t s Q remains negative over a large frequency range; 
the simulator i s thus unsui table for p r ac t i ca l app l ica t ions . 
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Table 3.4 provides cornparative study of four useful simu-
l a t o r s based on the number of OAs (power requirement)^ raaxi-
mum Q values, and range of frequencies for which Q remains 
more than 10 with 741-type of OA s) . I t i s noted tha t th3 
f i r s t simulator, using one OA i s a t t r a c t i v e to use when 
moderate qual i ty capacitor i s required. At the same time 
i t gives saving in power consumption. Simulators using two 
and th ree OAs, r ea l i ze high Q values over a considerable 
range; i t remains more than 10 from about loo Hz to 47 5K:-IZ, 
As the rea l ized parameters are near ly same, the two OA ca3e 
i s superior from the point of view of economy in OAs and 
power consumption. The four OA simulator i s unstable and 
i s not discussed. When five OAs are used, qua l i ty of the 
capaci tor improves considerably, and i t remains more than 
10 from nealy 100 Hz to 56 2 KHz. Also, Cl^  i s now rea l i zed at 
higher w . The drawback of the c i r c u i t i s in the use of a 
m 
large number of OAs and, power requirement. Ci rcu i t s with 
n > 5 are not considered because of the uneconomical use in 
OAs. As a conclusion, the two OA case wi l l be a t t r a c t i v e 
to use in most of the appl ica t ions , which require high Q GC-
simulat ion. 
TABLE - 3.4: Comparison of GC simulators for 
n = 1 to^5. 
OA c o u n t 
One 
Two 
T h r e e 
F i v e 
m 
158 
3200 
3200 
9700 
m ^2fi ^ ' 
3.16 
4 3 
4 3 
1 1 2 . 2 
KHz F r e q u e n c y 
l O ^ . 
1 0 ^ -
i o 2 -
i o 2 -
,., .,, 
f o r Q > l o , H z 
10^ 
4 . 7 5 X 10^ 
4 . 7 5 X 10^' 
5.6 2 X 10" 
* I.-II l|H| »! 
- 1 0 0 -
3 . 4 §i,mu3,ation o f F l o a t i n g C ^ p ^ c l t g r 
I n F i g . 3 . 6 ( a ) , a c i r c u i t f o r th.^ s i m u l a t i o n o f 
f l o a t i n g c a p o i t o r , i s g i v e n . A n a l y s i s of t h e c i r c u i t u s i n g 
t h e f i r s t - p o l e r o l l - o f f u o ^ e l r e p r e s e n t a t i o n f o r t h e OAs: 
B. 
a i 
g i v e s t h e s h o r t - c i r c u i t a d m i t t a n c e p a r a m e t e r s a s : 
^ 1 1 - R^l ( l + r ^ ) (s+w^,) (s+w^2) +^1^2^ ^^"al^ ^ ^ M 
[ d + r ) / ( l + r ) ] r B ( s + w ^ J 
^ 1 2 - R^[^(l+r^) (s+w^^) (s+w^2> + '^ i^2^^ '^ ' ' a l^ '^^1^2 | 
[ { l + r ' ) / { l + r ! ) ] r ' B ' ( s + w ' ) 
2^ R ' [ ( l + r ' ) (s+w' ) (s+w' ) + r ! B ; ( s + w ' ) - t B ' B ' 1 
c'- 1 a l a2 1 2 a l 1 2 J 
[ ( l + r l ) (s+w' ) + r ; B ' ] (s+w* ) 
-i 3x^ . ,3.... 2-.-. Ai— y _ A aife- -A—JS—. AJk (3 2 Id) 
where 
^2 ^4 ^2 ^4. 
^1 " R~' ^2 ^ R '^ ^1 = R | ' ^2 ^ R^ (3.22) 
To ensure that the circuit realizes a lossy floating capa-
citor, the y-parameters mugt satisfy the conditions: 
i^  ^11 = -^12 == -^21 = ^22 ^^-23) • 
and ii) y,, i s an RC-admittance function. 
* Condition {-^ , (3.23), i s satisfied when primed elements 
in (3.21) are equal to the unprimed ones, i . e . , the compo-
nents ara matched, and the circuit has ^ 
."^ c i 
: ; ' ^ i . 
s 
^ 
•V; 
/^  
v — > 
/ 
/ 
/ 
/ 
* Jl -J 
/ -
-^^  
Z' 
N. 
X 
V 
' . . • : : : ' • ' » • 
.'.7 .irr^"^^'^'^ A . 
. - ^ W / ^ • ' • • 
v > . - ^ . . - . ' - • , .'-sA • 
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(1+r^) ( s+w^2^ -hr^B^ = [ ( l + r ^ ) / ( l + r ^ ) ] r^B^ ( 3.14) 
I f r = r , e q u a t i o n (3 .24) i s m o d i f i e d t o 
( l + r J ( s + w ^ J .+ r B = r B (3 .25) 
X a«i ± Z - 1 - 2 
which i s nearly s a t i s f i ed when (1+r ) ( s+w „) « r B , or 
in the frequency range: 
Equation 0.lO represents . the frequency ixi ,s tat ions of 
the c i r c u i t . 
Now, for sinusoidal opeiration, s = jw, the drivir. 
point impedance at the f i r s t por t is expressed as 
Z , , ( s ) = - ^ 1 1 ^ - ' -Y,,is) = R + s j w C 
s = j w -• s 
where R and C a r e , r e s p e c t i v e l y , t h e e f f e c t i v e s e r i e s 
s s 
r e s i s t a n c e and c a p a c i t a n c e . The p a r a m e t e r s a r e frequency' 
d e p e n d e n t and t h e i r e x p r e s s i o n s a r e : 
( l + r ) ^w^ + B \ r + B ^ ( r ^ - . r - l ) w^ 
R = R ~—-T ^~^^—x— ( 3 . 2 6 a ) 
s c / 1 , ^\ 2 4 , T-,2 2f 2 , 2N ( 1 +r) w + B r (w +w ) 
, ( l + r ) ^w^ + B2r^(w^+w^) 
C = i - ^ — 5 ^ (3 .2bb) 
The q u a l i t y f a c t o r of t h e c a p a c i t o r i s 
B _ \ ^ / -1 - ^ 
( l + r ) ^w + B - w ^ r ^ ^ ( r - r - 1 ) w 
I b a ^qu . . t ions 1 3 . 2 ^ ' ) " ^ : ^ 13*29) aria uPtiaix^'d u r - lp r tl:^ 
a s s u m p t i o n : A » 1, B = B^ = B, w ^ = w ^ = w an i 
o 1 2 a l a2 e 
r ^ = r = r . These a r e n o t d i f f i c u l t t o s a t i s f y p r a c t i c . . ^ ^ 
w i t h OAs on t h e same IC c h i p . When R i s e n s u r e d p o s i t i v e . 
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y,-, represents an equivalent RC-adinittance. 
For the r ea l i za t ion of an Fc, a s has already been 
shown, i t i s necessary, t h a t the corresponding components 
should be matched. I f there i s a mismatch, the c i r c u i t 
s t i l l r ea l i zes an FC; however, now the magnitude of impedance 
seen from f i r s t port wi l l be d i f ferent as compared to impe-
dance seen from the other p o r t . Hence, the c i r c u i t under 
mismatch, wil l not maintain r ec ip roc i ty and wi l l simulate 
d i f fe ren t RC values when looking in a t port 1 and por t 2. 
An ideal FC, (Q = oo) , i s r ea l i zed at any frequency 
w, when the denominator in equation (2.29) i s made zero by 
varying r . However, the ideal Fc is-, p o t e n t i a l l y unstable . 
Al terna t ive ly , a high Q FC i s rea l ized, with suf f ic ien t 
s t a b i l i t y margin, i f in (3.29) , the factor ( r - r - l ) i s 
ensured equal to or s l i gh t l y greater than zero, i . e . , r > o . 5 * 
(1+5^) or 1,618. The capacitor now has a f i n i t e but high 
maximum C /^ s an example, with 741 type of OA, for r = 1.618 
Maximum Q or nearly 22 32 ib obtained at a frequency OL 
about 29.78KHZ. The maximum Q rea l i zed by the c i r c u i t i s 
r-oHuc<^ d w" t^ ^ incrpa=;o in r . Thr^ predicted var ia t ion of Q 
(3.29) i s shown in fi^^. 3.6(b) I d d i f fe ren t values of r . 
By increasing r, the maximum Q decreases while the capaci-
tance value increases . F ig . 3.7 shows the var ia t ion of 
C (3.28b) with frequency. I t i s seen, tha t the value of C 
s ^ 
remains almost constant between 5oHz and 203 KHz; p rac t i ca -
l l y in the en t i r e working range of active-R f i l t e r s . 
Within the range, C i s d i r e c t l y proportional to r , and 
10< 
x 
w 
1 o 
99 
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( 3 . 2 8 b ) i s m o d i f i e d a s 
C = --—— = r C 
s B R n 
c 
H e r e , C i s d e f i n e d a s t h e n o m i n a l c a p a c i t a n c e . The o r d i n a t e 
o f F i g . 3.7 r e p r e s e n t s c a p a c i t a n c e v a l u e s , n o r m a l i z e d wi th 
r e s p e c t t o C . 
3 . 5 S e n s i t i v i t y Study o£ F l o a t i n g C a p a c i t o r 
F o r a n o n - i d e a l FC, t h e p a r a m e t e r s o f i n t e r e s t 
a r e t h e c a p a c i t a n c e , C, and t h e q u a l i t y f a c t o r , Q, and i t 
i s d e s i r a b l e t o i n v e s t i g a t e t h e e f f e c t o f a c t i v e and p a s s i v e 
components v a r i a t i o n on them. T h i s r e q u i r e s t h e u s e o f 
( i ) g e n e r a l e x p r e s s i o n s f o r t h e y - p a r a m e t e r s i n t e r m s o f 
p r i m e d and unpr imed p a s s i v e componen t s , ( i i ) g e n e r a l g a i n s 
f o r t h e OAs. Thus , f o r o b t a i n i n g t h e s e n s i t i v i t y f i g u r e s , 
t h e p a r a m e t e r s a r e t o b e e v a l u a t e d from t h e e q u a t i o n (3 ,21) , 
whe re i t i s e v i d e n t t h a t e x p r e s s i o n s of y „ a n d - y „ , fo l lov j . 
r e s p e c t i v e l y , from t h e e x p r e s s i o n s o f y - , and -Y-i^ b y r e -
p l a c i n g unpr imed q u a n t i t i e s by p r i m e d o n e s . 
The s e n s i t i v i t y s t u d y i s made f o r t h e c a p a c i t a n c e C. . 
and q u a l i t y f a c t o r Q . ( i , j = 1, 2) . T h e s e a r e o b t a i n e d from 
t h e y - p a r a m e t e r s ( 3 . 2 1 ) , by assuming s i n u s o i d a l e x c i t a t i o n . 
The y - p a r a m e t e r s and t h e c o r r e s p o n d i n g q u a l i t y f a c t o r s a r e 
e x p r e s s e d as 
fp (,.\ a. i -Y. . = 1 / R. .(w) + . „ ,^-.-i j I i j j w a .(w) ( 3.30a) 
i j w R. . (w) C. . (w) 
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Usinq equat ion (3.3o) with ( 3 . 2 1 ) , C. . and Q. . a r e o b t a i n e d 
ij ij 
and given in Table 3.5. On applying equation (1.5) on tb-e 
parameters in Table 3.5, the sensitivity figures are 
obtained. The calculations are quite involved^ and shall 
not be given here; only the final results are given in 
Table 3.6 for the nominal values, i.e., r = r = r' = r' 
= r, R = R' and A. = A^ = hi = A' = A. 
c c 1 2 1 2 
TABLE - 3 .5: Parameters of t h e f l o a t i n g 
c a p a c i t o r . 
'11 R 
, 2 4 ^2^2, 2 2 \ ( 1+r ) w +B r^(w +w J 
_ _ _ 
Q ii?IfZ 11 
+ C 12 
( l+r^) 'w^B^B2r^„^^«2B^(B^r^ .B^( I t r^ ) i 
Q 12 
\ ( 1+r2) (B^B^-d+r^) w )^ w^ 
(B B - d + r . ) w )^ w^  
2 2 B r r (w +w_J+B B w^ T 2 1 2 d l 1 2 a l 
Note : The Fcosmeters ^22^0^2^ ^^^ "^21^^21^ ^^'^ o b t a i n e d 
r e s p e c t i v e l y , from ^n^O.^^} ^'^^ *^12^^12^ ^ ^ ^®~ 
p l a c i n g unprimed q u a n t i t i e s by primed ones . 
A g lance a t Table 3.6 shows t h a t , in g e n e r a l , the 
a c t i v e c a p a c i t o r enjoys low s e n s i t i v i t i e s . A l a r g e nupb ^r 
of C- and Q- s e n s i t i v i t i e s a r e zero o r l e s s than one in 
magni tude . The s e n s i t i v i t i e s 2^^12'Bl^ ' '^^^12'^1^ ' 
3 ( Q j 2 ' ^ l ) ' ^ ^Ql2 ' ^ i ^ ' ^^^12'^i^ and S(Q^2'Sl) a r e s l i g h t l y 
h ighe r , be ing l e s s than two in magnitude. I t i s seen t h a t 
- 1 0 7 -
TABLE - 3 . 6 : S e n s i t i v i t y f i g u r e s f o r t h e f l o a t i n g 
c a p a c i t o r . 
C - S e n s i t i v i t y E x p r e s s i o n / v a l u e 
^(Si-Sa'-V-^'Sa'Sr"*;' 
l s ( C ^ j , C ^ j , . R ^ ) = S ( C j j , C j j , . R ^ 
S ( C ^ ^ ; r ^ 
S ( C ^ ^ ; r ; 
^^ l l ' ^ 2 
' ^ ^ 1 1 ' ' ' 2 
^^S2'- l^ 
S(C ; r ' 12 ' 1 
^^^12'-^2 
S ( C ^ 2 ' ^ 2 
3 (C^^ ;B^ 
S(C^^;B-^ 
^^^12'-^1 
S(C^^;B2 
S(C^, ;B2, 
^ ^ ^ 2 ' ' ^ 
= S ( C 2 2 ; r | ) 
=S(C22;r^) 
= S ( C 2 2 ; r ' ) 
=^^S2'-^2^ 
^^^Sr'^i^ 
.S(C2^;r^) 
= S ( C 2 , ; r ' ) 
=2^Sl'-^2^ 
=s(C22;BJ_) 
=s(C22;B,) 
=S(C2 , ;B ' ) 
=S(C2^;B-) 
=s(C22;Bi) 
=sic^r^^) 
=^ S^r"y 
- 1 
o 
( r 2 + 2 r -1) w'^+B^r^Cw^+w^) 
1 a 
( r^+1) w^+B^r^C w^+w^) 
a 
O 
o 
0 
'ife* B' B ^ - ( l + r ) w^ < 1 , f o r w< 
O 
B 
1 + r 
<rt^ <i 
0 
- 1 
o 
2 ~ : " T ~ 2 ^^  2* f o r w<B;~i-,™-pj-
O i 
B ^ _ ( l + r ) w' 
2ii+rlii^ ^ 
(1+r) '^ w +B^r^(w^+w'^) 
w <«hF-' 
0 
B ^ - ( l + r ) w ^ 72 (1+r) 
- 1 0 8 -
T a b l e - 3 , 6 : . . . . c o n t i n u e d 
Q - S e n s i t i v i t y 
O 
E x p r e s s i o n / v a l u e 
S ( Q ^ , , Q ^ 2 ' ' V = ^ ^ Q 2 2 ' Q 2 1 ' - ^ y : 
I 
3 ( Q , , , Q ^ 2 ' ' ^ ; ) = 2 ^ Q 2 2 ' Q 2 1 ' - V | 
S ( Q , 3 _ ; r ^ 
^ ( Q l l ' ^ 2 
S(Q3_2;r^ 
^^^12^^1 
• '^^\2' '^2 
3(Q^2 ' - ^2 
5 ( Q ^ ^ ; B ^ 
S(Qj_^;B^ 
s ( Q , 2 ; B i 
=S(Q^2^r'^) 
= S ( Q 2 2 ; r ' ) 
= ^ ^ ^ 2 2 ' ^ 2 ^ 
=S(Q^2'-^P 
= S ( Q 2 , ; r ^ ) 
=^^^2r^2^ 
= S ( Q 2 , ; r 2 ) 
= S ( Q 2 2 ; B ; ) 
=S(Q22;B,) 
=S(Q2,;B-) 
i s ( Q ^ 2 ' B i ) =S(Q2^;B^) 
O 
0 
lri-lb/±BV__-
(1+r) ^w^+B-^rw +B^w^ 
a 
O 
0 
0 
< 1* 
1 2 / 2 2\ 
2 2 2 
r (w +w ) +Bw 
a a 
B ^ - d + r ) w 
O 
2 , 2 2^  
r (w +w ) 
a 
2 / 2 2, „ 
r ^ w +w ) +Bw 
a a 
-^  1* 
0 
{ 1+r) ^ W ^ + B \ r+B^w^ < r 
O 
B' Bw 
B ^ - ( l + r ) w ^ Bw +r^(w^+w^) 
a a 
<^  2/ £oir 
n 
72 ( 1+r) 
0 
- 1 0 9 -
Table - 3.6: cont inued 
S(Q^,;B2)=S(Q22;By 
S(Q^,;B-)=S(Q22;B2) 
3(Q^2'-^2^=^^Q21'^2) 
S(Q^2'-B2^=2(Q21''^2^ 
21 l±rL2^4 2 ^ 1 ^ < 1, for u ^ ^ - ^ -
0 
(l+r5_w^ , , ^ ^ ^ B 
B"=-(H.r)w^ ,/2(l+r) 
Note: *In magni tudes . 
t h e a c t i v e Q - s e n s i t i v i t i e s , S(Q. . ;B ) and 2 ( 0 2 2 * ^ 0 ' ^^"^ 
l e s s than r . However, as in. high Q r e a l i z a t i o n s , r < 2; t h e s e 
a r e a l so no t l a r g e . 
Af te r acqu i r ing tiie b a s i c t o o l s , v i z . , t he ac t iv2-R 
component s imula to r s of chap te r 2 and 3, we a re now in c: 
p o s i t i o n to r e a l i z e network func t ions us ing on ly OA:R c i r c u i t ? 
In the following two s e c t i o n s / two t echn iques a re disciJ33?d 
in d e t a i l s for such r e a l i z a t i o n s : 
a) D i r e c t form ac t ive-R s y n t h e s i s t echnique 
b) Capaci tance replacement t e c h n i q u e . 
3.6 D i r e c t Form .Active-R Synth^gis 
In t h i s s e c t i o n , we c r i t i c a l l y s tudy the 
i) immit tance s imula to r and t h e i i ) FDNR techn iques t o 
-110-
d i r e c t form active-R synthes is . The bas i c techniques were 
introduced in sec t ion 1.1. In the active-R immittance 
simulation technique, the conventional passive RLC network 
i s d i r e c t l y designed from the network function, then, a l l 
the dynamic components, i . e . , both inductors and capaci tors , 
are replaced by s table active-R s imula tors . In the active-R 
FDNR technique, the simulated FDNRc and capaci tors in the 
s^caled network are cLirectly replaced by the correspondincg 
s tab le active-R s imulators . The methods, not only enjoy the 
advantages associated with the corresponding conventional 
d i r e c t form act ive RC techniques, but , in addit ion, rea l l r'.e 
ampl i f ie r - res i s tance c i r cu i t , which have a large usefux 
frequency range and b e t t e r s t i i t ^ i l i t y to IC implementation 
Table 3.7 i s helpful in making c r i t i c a l study of the 
two d i r e c t foimn active-R synthesis methods. I t provides a 
comparative assesment of some more useful simulators studied 
in the thes i s in terms of component count, s e n s i t i v i t y and 
requirement of c r i t i c a l element matching. The study may be 
made on the bas i s of a numb -r of performance c r i t e r ion ai'id 
prospects of economical i n t eg ra t ion . However, we confine 
the discussion to the three important aspects of; (i) 
complexity and component count of f inal r ea l i za t ion , 
i i ) s e n s i t i v i t y and i i i ) s t a b i l i t y . The tab le shows tliet 
a l l grounded elements, v i z . , inductor , capacitor and Fb: T:, 
and the f loat ing inductor use low act ive and passive 
component count and do not require component matchinr,. • , j-
f loa t ing capacitor and FDNR, not only require component ccvrt 
but , a lso, require semi c r i t i c a l component matching. I t r -: 
- 1 1 1 -
TABLE - 3 . 7 
C o m p a r a t i v e s t u d y o f some i n d u c t o r s , c a p a c i t o r s 
a n d FDNRs. 
Simulated Element Component count 
GI-B( section 2.3) 
FI-B( section 2.4) 
GI (section 2.6.1) 
FI (section 2.6) 
GC (section 3.1) 
GC (section 3.2) 
FC (section 3.4) 
Grounded FDNR 
(section 2.9) 
F l o a t i n g FDNR 
( s e c t i o n 2 .9 ) 
A c t i v e , P a s s i v e 
One I F o u r 
i 
Two I S e v e n 
! 
One 
Two 
One 
Two 
One 
Two 
F o u r 
Two 
S i x 
One 
One 
Ten 
One 
S i x 
M a g n i t u d e s 
o f s e n s i t i 
v i t y f i grt-
r e 
1 
1 
1 
1 
1 
Low ( < 26) 
low ( <• r ) 
I s 
M a t c h i n g 
Reguj r e d 
Mo 
No 
Fo 
No 
No 
No 
Yes 
No 
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therefore , be infer red tha t the active-R immittance simula-
t ion technique i s a t t r a c t i v e from performance/ a s well a s , 
implementation point of views, when the o r ig ina l passive 
RLC networks (generally/ ladders) , e i t he r , do not have 
f loa t ing capacitors or t h e i r number i s small . Note, in 
contEast to the a c t i v e RC synthesis , the r ea l i za t ion of 
f loat ing inductor i s no problem in the present case. Due 
to the l imi ta t ions of avai lable c i r c u i t s for the sim.ulatic-n 
of f loat ing FDNR and capacitor, the cons t ra in t s on the 
active-R FDNR technique are more s t r i ngen t . In the seal 30. 
network, the f loa t ing FENR and the capaci tor , respectiV2iy, 
correspond to the f loa t ing capacitor and the r e s i s t o r ;n 
the \inscaled RLC network. For a successful FDNR synttiesis, 
the o r ig ina l passive RLC network should have a minimum, 
number of f loat ing capacitors and r e s i s t o r s . From the abov.i 
considerat ions, immittance simulation approach appears to J'c 
more a t t r a c t i v e , at l ea s t , t i l l some b e t t e r f loat ing FDNR 
and capacitor simulators become ava i l ab le . 
I t must also be noted, tha t a l l the component simula-
to rs discussed in chapters 2 and 3 are bas i ca l l y , non-idoal, 
where the p a r a s i t i c component i s known q u a l i t a t i v e l y . The 
non-idealness i s , p a r t i c u l a r l y , prominent a t higher fre-
quencies. The Use of such non-ideal simulators wi l l , Irj 
general , l imi t t h e i r use to low and medium Q applicatit-1.3. 
Also, i f a design, based on idea l components, i s made, 3c.' j 
form of performance assesm.ent i s required (as in reference 2( 
for act ive RC networks) , for the minimization of perforniancc 
deviat ions and correct predict ion of ac tua l performance. 
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3 .7 Applications of Direct .Form Technique an4 .Exp^rirmental 
Results 
Using the d i rec t form synthesis technique, active-
R c i r c u i t s are rea l ized . The c i r c u i t s are designed and 
t e s t e d in the laboratory. In the f i r s t sub-sect ion, second-
order lowpass and notch f i l t e r s are rea l i zed and experiment-
a l l y ver i f i ed . In the next subsection, a low component s ine-
wave o s c i l l a t o r i s rea l ized and s tudied. 
3 .7 .1 Active-R F i l t e r s 
We f i r s t design a second-order lowpass f i l t e r 
having Butterworth ch a r ac t e r i s t i c s and a cut-off frequency 
of 15.4 KHz. The passive prototype, alongwith, designed 
element values are shown in Fig . 3.8(a) . The passive L~ 
and C-, elements are, then respec t ive ly , replaced by the '-"1-
simulator of section 2.6 and the high Q GC-simulator or 
sect ion 3.2. After t e s t i ng a batch of dual OAs, LM 7 47, 
two amplifiers were selected, each having a B equal to 
(2 77) 0.77 M r a d . / s e c . The FI of 21 mH was designed us?-r _. 
equation^ (2.43) and i t required two equal res i s tances of 
—9 
lOOK ohms. The GC of 5.15 x 10 F was designed using equa-
t ion (3.13) and i t required a res i s tance R =40 ohms. The 
f ina l active-R rea l i za t ion i s given in Fig, 3.8(b) . The 
c i r c u i t i s fabricated with r e s i s t o r s of 5 percent toleraxice. 
The frequency response of the f i l t e r i s shown in F ig . 3.8(c) . 
The experimental and designed values of f are seen to be ir. 
close agreement. 
The FC of Fig. 3.6(a) was used in the fabr icat ion of 
a simple,notch f i l t e r of the type shown in Fig . 3.9(a) . The 
11^ 
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0i50 
0*25 
t o ; designed 15.4 KHz 
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10' 10' 10^ 10^ 
(c) frequency (Hz) 
FIG.3.8 (a) A LOW-PASS FILTER. 
(b) CORRESPONDING ACTIVE-R FILTER. 
(C) FREOUENCY RESPONSE OF THE LOWPASS FILTER 
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parameters of the prototype f i l t e r a re given by 
WQ = (1/LC)^ • (3.31) 
Q = R(CA)^ (3.32) 
The f i l t e r was designed for a notch frequency of 30 KHz 
and Q = 2. When an inductor of 10 mH i s used, the capacitor 
and r e s i s t o r values obtained, respect ive ly , from equations 
(3.31) and (3.32) are C = 2.814 x 10~^F and R = 1.4 K ohms. 
The f loa t ing capacitor i s r ea l i zed by the simulator of 
sect ion 3.4. The OAs, LM 747, each having a (measured) 
B = (2 rr) M r a d . / s e c , are employed. Selection of res i s t - j i -
ce r a t i o r as (6.8 K ohms/3.8 K ohms) , gives the value oi. 
the res i s tance R^ = 100 ohms (3.28) . The 10 mH FI was 
designed using equation (2 .43) , which required two res-iGtor-
of 47 K ohm value, with (measured) B = {2Tf) 0.75 M rnc / c . ^c . 
On t e s t i n g the c i r c u i t , the experimental values of f ar e ^ 
are 30 KHz and 1.96. The notch depth i s 14 db down at 
30 KHz, The s l i gh t devi-^tions in the performance may be 
due to the non idealness of the simulated capacitor and 
inductor . 
3.7.2 Active~_R Singwave Osc i l l a to r 
As another appl icat ion of act ive-R d i r e c t forrri 
synthesis technique, we r e a l i z e a novel sinewave o s c i l l o t o r . 
In Fig . 3.10(a), a scheme i s shown for the r ea l i za t ion of an 
o s c i l l a t o r . The negative r e s i s t ance i s included to over-
come the p a r a s i t i c res i s tances in L and C. We obtain an 
active-R o s c i l l a t o r from the bas i c c i r c u i t by rea l i z ing t .-• 
•R:L elements with the lossy GI-simulator, GI-A, of sectz-on 
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(a; 
Vi (=0) 
(b) 
FIG'3'tO (0) SIMPLE TUNED CIRCUIT 
lb) CIRCUIT FOR ACTIVE-R OSCILLATOR 
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2 . 1 . Note, t h e r e s i s t o r R of F i g . 2.1(a) i s made zero as 
i t i s redundant for t h e a p p l i c a t i o n . The grounded capac^ tc r 
i s r e a l i z e d by one OA s imula to r of F i g . 3.1(a) . Af ter ihc 
replacement of -R, L and C elements/ t h e r e s u l t i n g ac t ive-R 
c i r c u i t i s shown i n F i g . 3 . 1 0 ( b ) , 
Genera l ly / ac t ive -R o s c i l l a t o r s a re used a t h igher 
f requenc ies / where w N->W . . There fore , we r e p r e s e n t th3 
two OAs by: A. = ( B . / s ) , i = 1 , 2 . Simple a n a l y s i s g iv r3 tl.'-, 
vo l t age t r a n s f e r func t ion of t h e c i r c u i t as 
l^ _ l ^ ± 2 ± l l (3 33, 
where 
^1 ^3 
k^ = 1 + p - / k- = 1 + - ^ (3.34) 2 - ^ ^ R4
a r e the r e s i s t a n c e r a t i o s . On grounding t h e r e s i s t o r R , 
t h e c i r c u i t w i l l o s c i l l a t e provided t h e po le in (3.33) are 
on t h e imaginary ax i s of t h e s - p l a n e . The f i n a l cond i t i ons 
of o s c i l l a t i o n s a re 
k, 
k^ = —-^  ^ (3,35a) 
k -
2 
1 
• 1 -
+ 
R 
- 2 
R , 
B. 1^ 2 =   -^^  (3.35b) 
and the frequency of o s c i l l a t i o n i s 
B - B . J^  
o k^ k^ 
From (3.35) and ( 3 . 3 6 ) , we see t h a t c o n d i t i o n s and frequor.cy 
of o s c i l l a t i o n a r e no t independent of each o t h e r , both b^inq 
dependent on the r a t i o s k and k , As a r e s u l t , frequoricy 
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va r i a t ions with t e s i s t i v e control i s not possible without 
d is turbing the conditions of o s c i l l a t i o n . The c i r c u i t , 
b a s i c a l l y , r ea l i zes a fixed frequency o s c i l l a t o r . Hov^ever, 
for given conditions of o s c i l l a t i o n , the c i r c u i t may be 
made feWOable with bias voltage, as discussed below. 
Variable Frequency Osc i l l a to r : The conditions of o s c i l l a t i o n 
are dependent only on the r a t i o s of res i s tances and of Bs, 
I t w i l l be s a t i s f i e d over t2.i, l a rge range of condit ions, 
such as, temperature va r ia t ions , p a r t i c u l a r l y , i f the c i r 
cu i t i s impleraented in the IC. form. The frequency of CPCI-
n a t i o n (3.36) i s , however, s ens i t i ve to the var ia t ions in 
the gain bandwidth products, which i t s e l f i s sens i t ive to 
temperature and OA's b ias voltage d r i f t s , as discussed in 
chapter 1. A su i tab le B-compensation scheme against tempe-
ra tu re var ia t ions i s necessary for r e l i a b l e operation of the 
o s c i l l a t o r . 
The s e n s i t i v i t y of B with b ias voltage may, however, 
be u t i l i z e d to advantage in the r ea l i za t ion of a var iable 
frequency control . When Bs ^re changed by varying the b ias 
vol tage, the conditions of o s c i l l a t i o n remain invariant^ but 
the frequency i s varied. I f dual OAs on the same chdp, 
l i ke 747, are used, the excel lent t racking property of T^ 
wi l l s a t i s fy (3.36) over a l$irge voltage range. Thus, cj ' .s-
b i l i t y over an appreciable frequency r ange i s possible i t . 
b i a s cont ro l . 
Osc i l l a to r s were designed in the f requency r ange of 
10 KHz to 200 KHz with LM 741 OAs and were t e s t ed under 
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labora tory conditions with good r e s u l t s . F i r s t , a fixed 
frequency o s c i l l a t o r of 55 KHz was rea l i zed . OAs with B = 
( 2 T7) 0.55 M r a d . / s e c . at ± loV b ias voltage were used. 
Values of k and k were se t at 5o and 2, respect ively , with 
trim po t s . The c i r cu i t was t e s t ed and good qua l i ty s inusoidal 
o s c i l l a t i o n s were observed at a frequency of 53 KHz. The 
c i r c u i t was then converted to a var iab le frequency o s c i l l a -
t o r with b ias cont ro l . The experimental r e s u l t s are given 
in Fig. 3.11 (a ) , which show a var ia t ion in o s c i l l a t o r 
frequency of about 2 2 percent, i . e . , from 48.2 KHz to 6o,4KHz, 
when the b ias voltage i s changed from + 6 vol ts to ± 15 vo l t s . 
Corresponding change in the output voltage i s of 24 percer.t, 
i . e . , from 0.262 volt to 0-335 v o l t s . The r e s u l t i s also 
given in Fig. 3.11(b) . 
3 . 8 Capacitance Replacement Technique; Reali zation ,of 
Active-R c i r c u i t s from Exis t ing Aqtive RC Circui ts 
With the a v a i l a b i l i t y of s table active-R ci rc i - i t s 
for capaci tors , complete active-R c i r c u i t s can be obtained 
from the avai lable ac t ive RC c i r c u i t s by replacing the 
external capaci tors by the simulated ones. The technique 
has the advantage of u t i l i z i n g the large nuiTiber of avai lable 
t es ted , higher performance act ive RC network from i t s vast 
l i t e r a t u r e . I t i s also a t t r a c t i v e from IC fabricat ion point 
of view, as external capaci tors are completely eliminated. 
However, the replacement of capacitor does not improve upon 
the frequency r ange of the o r ig ina l ac t ive RC c i r c u i t . AitoC, 
under varying temperature conditions B-s tab i l i za t ion i s 
required. Since the avai lable FC has the problem of lar~:~ 
m 
a 
64 f 
9 ia *<5 
bias voltage Cvolte) 
id) 
^ 56 
0" 
j ios voltage .vc;,tb. 
(b) VARiATiON Of 0SCiLw.4TCi?F'^ ;rw^^£:,O; AT; 
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component count and component matching, t he t echn ique v d i i 
be more usefu l in those a c t i v e RC networks, where p r e -
dominantly c a p a c i t o r s a re in the grounded mode. 
To i l l u s t r a t e the scheme, we de r ive a second-order 
ac t ive -R c i r c u i t from the bandpass f i l t e r of r e f e r ence 35, 
and shown in F i g . 3.12(a) . The t r a n s f e r function of trie 
f i l t e r i s 
KC 
- j i _ ± ^ ( 0 . 3 7 } 
^1 2 ^ 1 ^ 1 + ^ 2 ^2 C (1-K) R R 
Using the design equat ions from r e f e r e n c e 35, the f i l t e r 
i d des igned for f = 9 21H2 and Q =10. The va lues ares 
o o 
R =104.7 K ohms, R^ = 34.2 K ohms, R = 210.3K ohms, 
C = 3300 pF and C = 16 50 pF and K = 2 .133 . The c i r c u i t i s 
f a b r i c a t e d using LM 741 OAs and d e s c r e t e R, C elements of 
5 p e r c e n t t o l e r a n c e . The exper imenta l and t h e o r e t i c a l r e s -
ponses of t h e bandpass f i l t e r a re shown in F i g . 3.12(b) . 
Next, t h e pa s s ive c a p a c i t o r s C and C are r ep laced , r e s p e c -
t i v e l y , by the s imula ted c a p a c i t o r s of s e c t i o n s 3.2 ana 3.4. 
The s imula ted c a p a c i t o r s a re a l so r e a l i zed by OAs, LM 741 
and d i s c r e t e r e s i s t a n c e s of 5 p e r c e n t t o l e r a n c e . The respons 3 
curve of t h e r e s u l t i n g OA:R c i r c u i t i s i nc luded in F i ' j .3^ i2(b) 
I t i s seen t h a t , bo th , t he exper imenta l responses a re in c^o' . j 
agreement with t h e t h e o r y . Moreover, the pole-C and po le 
frequency of the OA: R bandpass f i l t e r a re as c lose t o the 
design va lues as those of the cor responding OA:RC f i l t e r . 
' J 
' J 
o 
> 
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3.9 Discu^^sions 
In t h i s chapter, the in t e rna l dynamics of an CA 
i s used in the simulation of active-R grounded and LiCjLXj.r<^ 
capac i to r s . The c i r c u i t s are c r i t i c a l l y s tudied. Th^ act ive 
capaci tors are s table and are su i t ab le for the d i r ec t replace-
ment of passive capac i to rs . This i s , probably, the f i r s t -
reported attempt on capaci tor simulation with OA:elements. 
Ea r l i e r , Soderstrand has given active-R simulfeion of dyna-
mical elements, which a re only su i t ab le for appl icat ions in 
the signal flow graph approach to network synthesis " ' . 
Such elements are not for the d i r ec t replacement of passive 
components. 
The simulated capaci tors , alongwith, the inductors , 
FDNRs and Fl^Cs of chapter 2, are then u t i l i z e d in th^ i r - a t -
tance for active-R synthes i s . I t i s found t h a t the d i r j c . 
form approaches are more a t t r a c t i v e when the o r ig ina l JH3i,i\z 
RLC c i r c u i t contain a minimiom of f loat ing capaci tances. 
Mo-Ceover, with the avai lable act ive-R simulfeors, ir'mitcr:.rGo 
simulation approach seems to be more useful . As prac t ica l 
appl icat ion of the approach, act ive-R f i l t e r s are rea l ized 
and experimentally ve r i f i ed . The r ea l i za t ion of an active-R 
low component sinewave o s c i l l a t o r i s given using the irrnit-
tance simulation approach. The c i r c u i t i s s tudied in d e t a i l s . 
Bias control of OAs i s employed in working the c i r c u i t es a 
var iable frequency o s c i l l a t o r . Experimental r e s u l t s veiify 
the theory. 
Also, OA:R networks are rea l ized from the well >iio ?^n 
ac t ive RC networks by replacing the conventional capaci tors 
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with the simulated ones. Though the technique gives cir-
cuits which are attractive for IC implementation, they do 
not enjoy the excellent hgih frequency performance of 
circuits realized through direct form approaches. 
In Chapter 3, the first attempt on direct form active 
R synthesis is reported. Still/ a number of aspects form 
the scope for further research in the area. The circuits 
for the simulation of floating capacitance and FDNR use a 
large component count/ require component matching, and have 
relatively higher sensitivities^ For making the active-R 
direct form approach more attractive, active-R circuits, 
which obviate the above drawbacks are desirable. Al SO / t i -C 
simulated elements given in the thesis are, basically, non-
ideal at high frequencies. Such non-idealness is to be 
duly taken into account for a reliable design. Moreover, 
the available circuits are, basically, suitable for mediun, 
and low-Q applications. 
CHAPTER - 4 
CASCADE FORM SYI '^THESI St BIQUADRATIC SECTION _U SING, TWO ,Ox\S* 
4 . 0 I n t r o d u c t i o n 
The l a s t two c h a p t e r s were d e v o t e d t o t h e OA. r< 
r e a l i z a t i o n s of i n d u c t a n c e s , FEi\'Rs, FDNCs and capacita-^c-=r., 
and t h e i r u s e i n d i r e c t form a c t i v e - R s y n t h e s i s . C h a p t e r : 
and 5 s h a l l d e a l w i t h t h e r e a l i z a t i o n of m u l t i f u n c t i o n a l 
s e c o n d - o r d e r s e c t i o n s f o r a p p l i c a t i o n s i n c a s c a d e form activ-'-j-
R s y n t h e s i s . As p o i n t e d o u t i n s e c t i o n 1 . 1 , i n t h e c a s c a d e 
form s y n t h e s i s , t h e n t h o r d e r t r a n s f e r f u n c t i o n i s r e a l i z e d 
a s n o n - i n t e r a c t i n g c a s c a d e o f o h l y s e c o n d - o r d e r s e c t i o n s f c r 
even n , and s e c o n d - o r d e r and a f i r s t / t h i r d - o r d e r s e c t i o n f o r 
o d d n . A l s o , i n t h e c a s c a d e a c t i v e - R s y n t h e s i s o f o d d - o r d e r 
f u n c t i o n s , t h e comple t e e l i m i n a t i o n of e x t e r n a l c a p a c i t o r 
n e c e s s i t a t e s t h e r e a l i z a t i o n o f f i r s t - o r d e r s e c t i o n s t h r o u q h 
OA:R e l e m e n t s . I n t h e RC a c t i v e c a s e , t h e s e a r e simply-
r e a l i z e d from p a s s i v e RC n e t w o r k s . 
F o r economica l f e a s i b i l i t y i n t h e m i c r o m i n i a t u r i E e -
t l o n of f i l t e r s , a s h i g h a d e g r e e o f p r o c e s s s t a n d a r i d i z.:.---i-r:; 
a s p o s s i b l e s h o u l d b e a c h i e v e d . T h i s r e q u i r e s t h e u s e o 
b i q u a d r a t i c f i l t e r i n g b l o c k s , which p o s s e s s t h e f u n c t i o n a l 
v e r s a t i l i t y of c o n v e r s i o n t o i m p o r t a n t t y p e s of f i l t e r s , 
v i z . , l owpass (LF) , h i g h p a s s (HP) , b a n d p a s s (BP) , b a n d -
e l e m i n a t i o n (BE) and a l l p a s s (AP) . B a t c h p r o c e s s i n g can bo 
employed f o r t h e m a n u f a c t u r e o f such v e r s a t i l e b l o c k s , thij- : , 
* T h i s c h a p t e r i s p a r t l y b a s e d on t h e f o l l o w i n g p a p e r o t t h e 
a u t h o r , " R e a l i z a t i o n of an a c t i v e - R b i q u a d r a t i c c i r c u i t " , 
j^g th Asi lora^r Conference;^ on C i r c u i t s , System and Compute r s , 
C a l i f o r n i a (U.S .A. ) , Nov. 1978 . 
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leading to the production of large number of ICs at low cost . 
Some of the other important des i rab le features of 
the second and/or f i r s t -o rde r f i l t e r sect ions are: (l)wide 
r e l i a b l e frequency range of operat ion; (2) low Q-and w -
s e n s i t i v i t i e s to var ia t ions in act ive and passive components; 
(3) canonicity, pa r t i cu l a r l y , in the use of OAs; (4) high 
input and low output impedances, thus, f a c i l i t a t i n g non-
in t e r ac t i ve cascading of other blocks and providing inde-
pendent post-design adjustments; (5) minimum spread in 
components; and (6) s implic i ty in design procedure. Gonr^xally 
no s ingle c i r c u i t simultaneously possesses a l l the desirar^ie 
q u a l i t i e s and an engineering compromise i s required. 
In t h i s chapter, we r e a l i z e and study multifunctional 
b iquadra t ic f i l t e r , which uses only two OAs and has some 
of the a t t r a c t i v e features mentioned above. A technique i s 
given for the r ea l i za t ion of general active-R b iquadra t ic 
f i l t e r s t a r t i n g from two simple i n t eg ra to r type of networks 
in cascade. Important second-order f i l t e r s are then real ized 
from the biquad by the adjustment of numerator and denomina-
to r coef f ic ien ts . This i s simply done by choosing appro-
p r i a t e res i s tance r a t i o s and open-circui tng and/or short--
c i rcut ing some r e s i s t ances . The c i r c u i t i s studied c r i t i -
ca l ly and the theory i s experimentally ve r i f i ed . 
The chapter i s organized as follows. In sectior. 
4.1 some f i r s t -o rde r active-R sect ions are discussed. The 
technique of obtaining the general active-R b iquadra t ic 
sect ion i s given in section 4 .2 . Design equations a r e 
-128-
developed and the conditions for the realizations of 
specific f i l t e r characteristics are obtained and are given 
in s ection 4.2. Critical sensitivity study of the biquad 
i s made and recorded in section 4.3. In section 4.4, design 
examples, alongwith, . experimental results are given. The 
merits and limitations of the biquad are c r i t i ca l ly discussed 
in section 4.5. 
4 ,1 First-Order Active-R Section: 
As discussed earl ier , in active-R synthesis i t 
is necessary to use OA:R circuits for the realization of 
first-order transfer function. Such first-order sections 
have been given by Schaumann ' and Soderstrand , basi-
cally, for generation of higher order f i l t e r s . Here, a 
bil inear section i s given and i s briefly discussed. The 
circuit i s shown in Fig. 4.1(a) and the LP and the HP res-
ponses are obtained from i t by simply open . and/or short 
circuiting some resistances. When OA i s represented by 
(2.37), simple analysis gives i t s transfer function 
h ^ 3 ^ W ^ -H B(R^R3-R^R^) 
V^ - (R^+R^) (R^+R2+R3) s+BR^(R^+R^) ^'^'^> 
The circuit gives lowpass response if R =R =o, and R =^ c© ; 
3 4 5 
the corrstspondinig transfer function is 
V^  BR /^(R.^  + R^ ) 
V^  = s + BR /^(R^+R2) • ^^ "-2) 
The HP response i s obtained when R = R = o, and R = oo , 
the resulting transfer function i s 
V,o-
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R2 
t WiAA 1 
(b) 
Vi o—^AW-4-4:r 
(c) 
-0V2 
• 0V2 
FIG.4.1 (a) A GENERAL FIRST-ORDER ACTIVE-R SECTION 
(b) LOWPASS SECTION OBTAINED FROM (a ) 
(c) HIGHPASS SECTION OBTAINED FROM {H) 
- 1 3 0 -
V_ R 3 s ( 4 ^ 3 j 
V^ - (R1+R3) s+BR^/{R^+R^) 
4• 2 R e a l i z a t i o n of G^n^ral Biquad with Two OAs 
Mul t i func t iona l b i q u a d r a t i c f i l t e r i n g s e c t i o n s 
have been r e a l i z e d using two ' and t h r e e o p e r a t i o n a l am-
p l i f i e r ^' . Here we g ive a t echnique for the r e a l i z a t i o n of 
g e n e r a l ac t ive -R b i q u a d r a t i c f i l t e r , which uses on ly two CAs 
and r e s i s t a n c e s . By a proper adjustment of r e s i s t a n c e s , the 
f i l t e r i s seen t o r e a l i z e impor tan t second-order r e sponses . 
The c a n o n i c i t y in the use of OAs g i v e s r educ t ion in chip a rea 
and power consumption. Moreover, by employing dual OAs or 
the same semiconductor ch ip , l i k e . N a t i o n a l ' s LM 747, which 
a re now commonly a v a i l a b l e a s an o f f - t h e - s h e l f i tem, t h e 
i n h e r e n t l y matched c h a r a c t e r i s t i c s a r e u t i l i z e d t o advantage. 
The b a s i c scheme for the r e a l i z a t i o n of gene ra l b iquad 
i s shown in F i g . 4 . 2 . The vo l t ages a t t h e i n v e r t i n g t e rmina l 
of t h e OAs are expressed as a l i n e a r combination of t e rmina l 
v o l t a g e s a t V , V and V_: 
^4 = ^ ^ + V 2 + a^'^ s ^^-""^^ 
^5 = ^1 ^ -^  V 2 -^  ^3^3 • ^^ -'^ ^^  
The r e a l and p o s i t i v e d imens ionless c o e f f i c i e n t s a; ' s and 
b . ' s a r e ob ta ined through r e s i s t a n c e r a t i o s . The complete 
f i l t e r r e a l i z a t i o n , us ing t h e scheme of F i g . 4 .2 , i s shown 
in F i g . 4 . 3 , where t h e c o e f f i c i e n t s , a. and b . , i = 1 t o 3, 
a re given by: 
R R R R R^R R^R^R^ 
;, _ _6_7_8_ ^ _ _2_b_b _ _ 6 8 5 ( . CN 
^ - (AR) ' ^ - ( A R ) ' ^3 - (AR) ^ • ^ 
13t 
FIG.^».2: BLOCK SCHEMATIC FOR BIQUAO REALIZATION-
FIG. 4-3: GENERAL BIQUAD OF FIG.4.2 WITH MULTIPLE 
FEEDBACKS-
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with A R = ^c^\^^ + •^6^7-^8 •*• S'^e^S '^ ^8^5^6' ^'^ 
( 4 . 6 ) 
with AR = Rg^o^ l l^ ^10^11^12-^^11^12^9 -^^12^9^10 
A comparison of (4.5) and (4.6) gives the res is tance r a t io s ; 
R a R a^ R^  a 
_2 _ _2 —2 = - ^ _2 _ - J (4 7a) 
Rg a^' R^  a^ ' R.^  a^ 
and 
R^  b R b R b 
, ( 4.7b) 
      
^O""^' ^ r ^ ' ^ l " ^ 2 
Since the a. 's and b. 's are obtained through passive cir-
cuit, they satisfy the inequalities 
a^  + a- + a^  < 1 (4.Ca) 
b^ + b^ + b^ < 1 . (4.8b) 
I f the OAs are represented by equation (2.37) , then for 
frequencies, w NV,W , (say w > lo w ) , d i rec t analysis of 
•^' a '^  a 
Fig . 4.2 gives 
a n d 
where 
(V^/V^) = ^"22^^ +"21®^ + n2(^B2)/D(s) (4.9a) 
(V^/V^) = (n^^s^ + "31^2 + "30^^^/^^s) (4.9b) 
2 2 
D(s) = d^s + d^Bs + d^ B (4.10) 
"22 = °1^^3 •*" °4^ (4.11a) 
^21 =^^-^^^2^S^4)*3^^4-^S^4 ^'-^'^^ 
^20 = ( ^ ^ 3 +^3^ 1-^1) ^ ^1^3 ^ ^ - ^ ^ ^ ^ 
n32 =G^G3 (4.12a) 
- 1 3 3 -
"30 = ^ ^ ^ - ^ ) ^ ^ - ^ ^ - - 2 ^ ^ ^ 2 ^ ^^-^2-^ 
^2 " ^°l'*^2^ ^ ^ 3 ^ 4 ^ "^3^4 (4 .13a ) 
(4 .13b) 
d^ = (a2b3+a3( l -b2))G2G^ (4 .13c ) 
By a p r o p e r c h o i c e o f c o e f f i c i e n t s n . . ' s , e q u a t i o n (4 .9 ) 
p e r m i t s t h e r e a l i z a t i o n of d i f f e r e n t s e c o n d - c x d e r n e t w o r k 
f u n c t i o n s . From ( 4 . l o ) and ( 4 . 1 3 ) , t h e p o l e - c e n t r e f r e -
quency w and p o l e - Q a r e q iven b y : 
w = B 
o (0^40^) (G3+G^) -K5 3G^ (4 .14) 
Q = 
[ ( a2b3+a3( l -b^) )G^G^( (G^-fG^) (G34G^) ^G^G^)] 
•[^?~4^^^2^3)-^¥2^S-^4^^^3^2S-^^-^2)^3^"4] 
(4 .15) 
A l a r g e number of f i l t e r r e a l i z a t i o n s a r e p o s s i b l e from 
e q u a t i o n s ( 4 . 9 a and b) by t a k i n g o u t p u t s a t t e r m i n a l s 2 and 
3 . VJe have c o n s i d e r e d h e r e a s e t of r e a l i z a t i o n s and t h e 
d e t a i l s a r e i n c l u d e d i n T a b l e s 4 . 1 and 4 . 2 . The t a b l e s a l s o 
g i v e t h e r e q u i r e d c o n d i t i o n s f o r t h e r e a l i z a t i o n s of LP, BF, 
HP and BE f i l t e r s , t h e r e s u l t i n g t r a n s f e r f i J n c t i o n s , t h e 
p a r a m e t e r s and t h e d e s i g n e q u a t i o n s . N o t e , t h a t t h e scheme 
g i v e s a mixed HP r e s p o n s e ; a l s o , t h e AP c h a r a c t e r i s t i c i s 
n o t r e a l i z a b l e w i th o u r c i r c u i t . The f i l t e r s g i v e n i n 
T a b l e 4 . 1 and 4 .2 a r e , r e s p e c t i v e l y , shown i n F i g s . 4 . 4 
an d 4 , 5 . 
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4 . 3 S e n s i t i v i t y S tudy of t h e B jquad 
For e v a l u a t i n g t h e s e n s i t i v i t y f i g u r e s o f t h e 
b i q u a d r a t i c s e c t i o n , we u s e t h e i n c r e a m e n t a l s e n s i t i v i t y 
measure of (1 .5 ) . The s e n s i t i v i t i e s o f p o l e - f r e q u e n c y 
w and p o l e - Q , g i v e n b y e a n s . (4 .14) and ( 4 . 1 5 ) , r e s p e c -
o o • 
t i v e l y , a r e c a l c u l a t e d and t h e r e s u l t s a r e i n c l u d e d , i n 
T a b l e s 4 . 3 and 4 . 4 . I n t h e c a l c u l a t i o n o f s e n s i t i v i t i e s 
w i t h r e s p e c t t o t h e a c t i \ © p a r a m e t e r s , t h e two OAs a r e 
assumed t o have g a i n b a n d w i d t h p r o d u c t s e q u a l t o B and E 
and t h e most g e n e r a l e x p r e s s i o n s of w and Q- a r e u s e d . 
T a b l e 4 . 3 shows t h a t w - s e n s i t i v i t i e s f o r LP-A, 
LP-B, BP-A and BE-A and B f i l t e r s a r e low, b e i n g l e s s t han 
o r e q u a l t o 0 . 5 . The w - s e n s i t i v i t i e s o f BP-B and HP-A a r e 
a l s o low, b e i n g l e s s o n e , e x c e p t fo r S(w ; b ) o f Hp-A 
which i s p r o p o r t i o n a l t o w /" and, S(w_; b„) o f BP-B, 
•^  on o 2 
which i s a l s o p r o p o r t i o n a l t o (Q /w G ) , A p r o p e r c h o i c e 
o f t h e p a r a m e t e r s can make t h e s e s e n s i t i v i t i e s s m a l l , o r 
even z e r o . 
The Q - s e n s i t i v i t i e s a r e g i v e n i n T a b l e 4 . 4 . Fo r 
o 
t h e f i l t e r , LP-B, a l l t h e Q - s e n s i t i v i t i e s a r e e i t h e r z e r o 
o 
o r l e s s t han one i n m a g n i t u d e . F o r LP-A, t h e Q - s e n s i t i -
v i t i e s t o p a s s i v e p a r a m e t e r s G , a , a and b a r e z e r o . 
F o r t h e r e m a i n i n g p a s s i v e and a c t i v e p a r a m e t e r s , t h e 
s e n s i t i v i t i e s a r e d e p e n d e n t on Q o r w ^Q o r Q /w 
^ o on o o on 
A l l t h e Q - s e n s i t i v i t i e s of BP-B a r e a l s o e i t h e r ze ro o r 
l e s s t h a n u n i t y i n m a g n i t u d e , e x c e p t S(Q; b , a J . The 
s e n s i t i v i t i e s S(Q ; b_) and S(Q^; a_) a r e , r e s p e c t i v e l y 
o 2 O 3 -^  
2 p r o p o r t i o n a l t o (Q /w ) and Q^. T h i s r e s t r i c t s t h e u s e •^  ^ o on o 
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o f BP-B t o low-Q a p p l i c a t i o n s . The LP-B and BP-A e n j o y v e r y 
low Q - s e n s i t i v i t i e s , b e i n g l e s s t h a n o r e q u a l t o u n i t y i n 
m a g n i t u d e , and a r e s u p e r i o r t o LP-A and BP-B, r e s p e c t i v e l y , 
from s e n s i t i v i t y c o n s i d e r a t i o n s . F o r t h e BE f i l t e r t h e Q -
o 
s e n s i t i v i t i e s w i t h r e s p e c t t o G G , G and b a r e h igh and 
2 
p r o p o r t i o n a l t o Q . T h i s l i m i t s t h e u s e o f BE f i l t e r s t o 
s i m p l e low-Q a p p l i c a t i o n s o n l y . Based upon t h e c o m p a r a t i v e 
s e n s i t i v i t y s t u d y , t h e recommended f i l t e r s e c t i o n s a r e g iven 
i n T a b l e 4 . 5 . 
T a b l e 4 . 5 : Recommended f i l t e r s e c t i o n s 
Type of r e s p o n s e Lowpass Band p a s s High pass} Band 
I e l i m i n a -
j t i o n 
P r e f e r a b l e f i l t e r 
s e c t i o n 
LP-B BP-A HP-A A and '^i 
have s i m i -
l a r s e n s i -
t i v i t y 
f i g u r e s . 
^- • 4 Design Examples and E x p e r i m e n t a l R e s u l t s 
To i l l u s t r a t e t h e d e s i g n p r o c e d u r e , we d e s i g n a BF 
f i l t e r , (BP-A) , w i t h w = 2 T . (76) K r a d / s e c , Q = 5 and mid-
o o 
b a n d g a i n , G = l o . An OA, LM 747, was u s e d h a v i n g B = 277" 
(0 .76) M r a d / s e c . T h i s g i v e s an w e q u a l t o 0 . 1 . Using t h e 
d e s i g n e q u a t i o n s from T a b l e 4 . 1 , we g e t 
a = 0 . 8 , 3.^ = 0 . 0 2 , a^ = 0 . 0 1 ( 4.1ba) 
and 
^ 1 = ^ 2 b3 = 0 (4 . lBb) 
From e q u a t i o n ( 4 . 7 a ) , t h e r e s i s t a n c e r a t i o s a r e 
40 
Re 
and - 80 
-144-
Choosing R = 3K ohms/ we get Rg = 120 K ohms and R^  = 240 K 
ohms, and from the expression of a^ in eqn. (4.5) , Rg i s 
obtained as 14.1 K ohms. The choice of G = G = G i s arbi-
t r a r y ; in the example, R = (~^) i s chosen to be 1 K ohms. 
In a s imilar way, other f i l t e r sect ions were designed. 
Specif icat ions of the designed f i l t e r s , alongwith, resistarice 
r a t i o s and res i s tance values are given in Table 4 .6 . Sorua 
of the f i l t e r s , v i z . , BP-A, LP-B, HP-A and BE-A were fabrica-
ted and tes ted under ordinary laboratory condit ions. All th a 
f i l t e r s use the feame type of amplif iers , LM 747, as for the 
and descrete r e s i s t o r s of 5 percent to le rance . Frequency 
response of the f i l t e r s are shown in Fig . 4.6 through 4.8. 
The r e su l t s show a close agreement between the designed arid 
experimental va lues . 
4.5 Discussion 
A technique i s given for the r ea l i za t ion of a general 
second-order activo-R f i l t e r using only two OAs and r e s i s -
tances . The c i r c u i t i s canonic in the use of OAs. This 
gives reduction in chSp area (economical integrat ion) F^nd 
power consumption, which becomes important consideratic ns in 
the rea l i za t ion of higher-order networks. Moreover, by 
employing dual OAs, use may be made of t h e i r inherent ly 
matched cha rc to r i s t i c s . 
Specific f i l t e r sections are rea l ized from the genorrl 
block by an appropriate choice of r e s i s t ances / r e s i s t ance 
r a t i o s . In general, the w - s e n s i t i v i t i e s are low. The Q -^
s e n s i t i v i t i e s of lowpass f i l t e r , LP-B, and the bandpass 
- 1 4 5 -
TABLE 4.6 
Des ign P a r a m e t e r s and R e s i s t a n c e R a t i o s / 
v a l u e s f o r t h e f i l t e r s . 
Type of 
f i l t e r 
f 
o 
% 
G 
O 
f 
n 
on 
w 
nn 
^ 1 
^2 
^ 3 
^ 
^ 2 
^ 3 
i 
LP-A 
76 
O.lQl 
-
-
0 . 1 
0 . 9 7 
0 
0 . 0 3 
0 . 0 6 
0 
0 . 6 9 7 
LP-B DP-A 
I 
HP-A 
D e s i q n P a r a m e t e r s 
76 
0 . 7 0 7 
-
-
0 . 1 
-
R e s i s 
0 . 9 9 
0 
0 . 0 1 
0 
0 
.0707 1 
J 
76 
5 
10 
-
0 . 1 
-
76 
0 . 7 0 7 
-
-
. 0 5 
-
t a n c e R a t i o s 
0 . 8 
0 - 0 2 
0 . 0 1 
0 
0 
0 
0 . 1 9 7 
0 . 4 8 3 
0 . 3 2 
0 
0 . 6 8 
0 
. ' . , , . . .. J 
BE-A 
76 
10 
-
4 2 . 5 
0 . 0 5 5 ' 
0 . 0 255 ', 
0 . 9 5 2 
0 
0 . 0 1 2 5 
0 . 1 3 1 
0 . 7 5 
0.833 1 
! 
1 
JBE-B 
76 
5 
-
4 2 . 5 
0 . 0 2 5 
0 . 0 2 5 5 > 
0 . 9 7 5 
0 
0 . 0 1 2 5 
0 . 0 5 
0 . 8 7 5 
0 . 0 4 1 6 
Note: f and f a re in KHz, 
o n 
contd 
-146-
Table 46(Contd.) 
! 
Type of 
f i l t e r 
R 
1 
^ 2 
^ 3 
^ 4 
^ 
^6 
^ 
^ 8 
^9 
^ 1 0 
^ 1 
^ 2 1 
LP-A 
OC 
3 
1 
1 
3 
£ 
3 
OC 
97 
OC 
116 
OC 
10 
54.6 1 
i 
R e s i s t a n c e v a l u e s ( 
1 
j L P - B 
OC 
SC 
OC 
SC 
3 
OC 
297 
OC 
OC 
OC 
9 1 
15 
BP-A 
OC 
3 
OC 
3 
3 
147 
240 
1 4 . 1 
OC 
OC 
OC 
HP-A 
5 0 
10 
50 
10 
10 
4 0 . 7 
6 1 . 7 
QC 
OC 
4 7 . 6 
OC 
OC 100 
1 ^ 1 
K ohm) 
BE-A 
3 
S 
3 
3 
3 
OC 
2 2 8 
7 5 . 9 
1 
1 
-1 
BE-E 
3 
3 
3 
3 
3 
OC 
120 j 
1 
OC 
i 
5 7 . 2 j 105 
10 
9 6 . 3 
200 
) 
6 
126 
167 
Note: OC and SC, respect ively , represent open-c i rcu i t 
and s h o r t - c i r c u i t . 
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f l i t e r s , BP-A and BP-B, arc small . However, some s e n s i t i -
v i t i j s of LP-A, HP and BE f i l t e r s are high, being proport ional 
to Q or Q . The f i l t e r sec t ions , which are a t t r a c t i v e from. 
s e n s i t i v i t y considerat ions, are given in Table 4 ,5 . In cur 
biquad AP response i s not obtained. 
At t h i s point , i t i s useful to compare our f i l t e r with 
a s imilar two OA biquadra t ic bui lding block given by Kim and 
37* 
Ra . This biquad provides a l l important second-order traxis-
fer functions including the AP response. In addi t ion, i t 
enjoys very low w - and Q- s e n s i t i v i t i e s ; being less than 
half and unity, respec t ive ly . Hence Kim and Ra's c i r c u i t i s 
b e t t e r than our biquad from Q-sens i t iv i ty point of view. The 
r e s u l t s of a comparative study, based on component count and 
res i s tance spread, are summarized in Table 4 .7 , I t i s seen 
t h a t a l l our recommended f i l t e r s of Table 4.5 except for BE 
f i l t e r , use l e s se r number of r e s i s t o r s as compared to the 
corresponding f i l t e r s of reference 37. The res i s t ance spreads 
calcula ted for tha two biquads for the same se t s of spec i f i -
cat ions (given in the example of sect ion 4.4) are also 
included in Table 4 .7 . These are seen to be much b e t t e r for 
cur f i l t e r s , except for the LP case. 
As in Kim and Ra's c i r c u i t s , output in our f i l t e r s i s 
also not taken from the output terminals of the OAs, except 
for the LP-B. The biqUad may, thus, have loading problem, 
p a r t i c u l a r l y , i f the load i s non-re si s t i v e . An addit ional 
*Here we have confined our discussions only to the two OA 
general biquads, which do not require addit ional summers 
to r ea l i ze multifunctional responses. This excludes biquads 
l i k e those of Brand and Schaumannl^ and Mitra and Aatre^^, 
from the comparative study. 
- 1 5 1 -
OA buffar may be requirod, ^M i^ch makes the c i r c u i t , effec-
t i ve ly , a three OA biquadr ic f i l t e r . Such biquads are next 
studied in chapter 5. 
T^LE 4.^ 7 
Comparison of the f i l t e r s of Table 4.5 with 
-T? corresponding -be Kim and Ra' s 
37 c i r c u i t . 
F i l t e r s 
LP 
BP 
HP 
BE 
P r e s e n t 
R-coun t 
4 
6 
9 
11 
Biquad 
R - S p r e a d 
99 
10 
80 
57 
Kim and Ra' 
R-Count 
10 
10 
10 
10 
s B i q u a d 
R - S p r e a d 
9 
92 
9 0 0 
450 
CH^TER 5 
CASCADE FORl^ i SYNTHESIS:. BIQUADRATIC SECTIONS USING 
THREE OAS* 
^•O I n t r o d u c t i o n 
In t h e l a s t c h a p t e r , we have seen t h a t t h e two 
OA g e n e r a l b i q u a d r a t i c f i l t e r s b e s i d e s b e i n g c a n o n i c i n t h e 
use o f a c t i v e d e v i c e , a l s o have o t h e r a t t r a c t i v e f e a t u r e s . 
However, i n t h e r e a l i z a t i o n o f some f i l t e r r e s p o n s e s , i f t h e 
o u t p u t i s t a k e n a t a node which i s o t h e r t h a n t h e o u t p u t 
t e r m i n a l of an OA,' t h e p e r f o r m a n c e i s l o a d s e n s i t i v e , p a r t i -
c u l a r l y , when t h e l o a d i s n o n r e s i s t i v e . Thus , i n t h e 
recommended f i l t e r s o f c h a p t e r 4 ( s e e T a b l e 4.5) e x c e p t f o r 
LP-B, and t h e HP, BE and AP f i l t e r s o f r e f e r e n c e 37 an 
a d d i t i o n a l OA b u f f e r i s u s e d . The c i r c u i t s , e f f e c t i v e l y , 
become t h r e e OA b i q u a d s . . O t h e r b i q u a d s which u s e s a r e s i s -
11 45 
f i v e summer ' a l s o r e q u i r e s an OA b u f f e r when s e v e r e load-
i n g i s p r e s e n t . I n c o n c l u s i o n , we s e e t h a t f o r l o a d i n s e n s i -
t i v e p e r f o r m a n c e a l l t h e a v a i l a b l e two OA g e n e r a l b i q u a d s , 
e f f e c t i v e l y , become t h r e e OA c i r c u i t s . A number of s e c o n d -
o r d e r a c t i v e - R f i l t e r s a r e a v a i l a b l e i n t h e l i t e r a t u r e which 
g i v e two t y p e s of r e s p o n s e s ( g e n e r a l l y LP and HP) a t t h e 
o u t p u t t e r m i n a l s o f an Q^^^'^^,6o,6l,6 3,69,18^ ^^ ^^^^ 
chapter, we discuss in d e t a i l s a technique for the r ea l i za -
t ion of most general load insens i t ive b iquadra t ic f i l t e r s 
using such dual (two) response f i l t e r s , alongwith, an OA 
summer. The use of OA summer or buffer introduces an addi-
t i o n a l pole in the f i l t e r c h a r a c t e r i s t i c and makes i t th i rd -
*This chapter i s pa r t l y based on the following paper of 
the author, "Effect of Summer's Pole on General Active-R 
Biquadratic F i l t e r s " , Proceedings IEEE, accepted for 
publ ica t ion . 
-IBS-
order . The effect of the pole i s c r i t i c a l l y analysed and 
r e l i a b l e frequency range of f i l t e r s i s determined. 
The chapter i s organized as follows. The technique 
for the rea l iza t ion of multifunction b iquadra t ic f i l t e r i;:; 
discussed in section 5 . 1 . As an example, the well known 
Schaumann's c i r c u i t i s u t i l i z e d to obtain a most general 
load insens i t ive active-R biquad in section 5 . 1 . 1 . In 
sect ion 5.2, i t i s shown to r ea l i ze a l l important responses 
and the deviations in the magnitude and phase cha r ac t e r i s t i c s 
of the f i l t e r , due to the f i n i t e pole introduced by the OA 
summer, are evaluated in terms of B of the summing OA. The 
frequency range of the f i l t e r s i s evaluated for permissable 
deviat ions in the responses. Experimental r e s u l t s are inclu-
ded in section 5 .3 . The overa l l conclusions are given in 
sect ion 5.4. 
^ • i• Realization _ g f G ^ e r a l Biquadratic F i l t e r s 
In t h i s sect ion, we examine a synthesis metl od 
for act ive rea l i za t ion of general b iquadra t ic f i l t e r sect ions 
using the scheme of Fig. 5 .1 . I t employs a second-order 
active-R f i l t e r , henceforth, ca l led as the ba s i c block (BE) , 
which Vias as outputs any two types of responses. Let us 
i n i t i a l l y assume the inver t ing summer to be ideal (B-»oo) and 
the output responses of the BB to be bandpass and lowpass. 
Simple analysis gives the t rans fe r function, (V /V ) : 
O 
•^  ^ ^ ^ O ^ ^ I ^ L ^ l ^-"-^ 
where a , x = I , B and L are mul t ip l ica t ion constants and 
\ J . . 
i i \ 
c 
h 
f 
% 
- f ' ) , 
.^, x> 
,X' 
r 
U.' I 
O ' 
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D(s) = s^ + (w /Q ) s + w^ (5.2) 
o'^  o o 
Tgp = + H g s / D ( s ) , T^p =±U^/D{s) (5.3) 
a r e , r e s p e c t i v e l y , t h e c h a r a c t e r i s t i c polynomials / t he BP and 
t h e LP t r a n s f e r func t ions of t h e BB. Hg and H^ -a*^, r e spec -
t i v e l y des igna te , t he t r ansmiss ion l eve l c o n s t a n t s in BF and 
LP c a s e s . Equation (5.1) r e p r e s e n t s a genera l vo l t age t r a n s -
f e r function from which a l l types o r f i l t e r s may be ob t a ined 
b y s e l e c t i n g s u i t a b l e va lues for t h e c o e f f i c i e n t s a . The 
c o n d i t i o n s for r e a l i z i n g HP, BE and AP f i l t e r s a r e , r e spec -
t i v e l y , 
B^ = ^ ^ I V ^ " B V ' ^ = + ^ " o / \ ' '^-^ ^ 
B^ = + ^ ^ O ^ ^ " B V ' ai = + ("n'^'o^/^ ^^ '^ ^^  
where w i s the notch frequency; and 
ag = + 2a-[.w^/(HgQ^) , a^ = 0 , (5.6) 
In equa t ions (5.4) through ( 5 . 6 ) , t he cons t an t aj i s a r b i t r a r y , 
We see t h a t t he above cond i t i ons are easy to s a t i s f y p r a c t i -
c a l l y and the schemat ic of F ig . 5.1 may be used for the r e a l i -
za t ion of a l l impor t an t s t andard second-order r e s p o n s e s . In a 
s i m i l a r way, i t can be shown t h a t genera l b i q u a d r a t i c f i l t e r 
s e c t i o n s are a l so ob ta ined i f t h e BB g ives any o t h e r corrbina-
t i o n of two types of r e sponses . In Table 5 . 1 , for any tvjo 
response combination of the BB, the c o n d i t i o n s r e q u i r e d for 
o b t a i n i n g the remaining responses and t h e r e s u l t i n g t r a n s f e r 
fu'nctlons are given 
5 . 1 . 1 Example: Actual R e a l i z a t i o n of a Biguad 
In o rde r to i l l u s t r a t e t h e method o u t l i n e d in 
s e c t i o n 5 .1 , we cons ide r the r e a l i z a t i o n of an ac t ive -R b i -
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6 '^• q u a d r a t i c f i l t e r s t a r t i n g wi th t h e Schaumann' s c i r c u i t ", 
shown i n F i g . 5 . 2 ( a ) as t h e BB. The c i r c u i t , b a s i c a l l y , has 
Bp and LP r e s p o n s e s (Vg , V ) . These a r e fed , a l o n g w i t h 
i n p u t (Vjj,) t o t h e summer of F i g . 5 .2 (b) t o r e a l i z e a g e n e r a l 
v o l t a g e t r a n s f e r r a t i o . For t h e s ake of c o n v e n i e n c e , some 
e x p r e s s i o n s of t h e BB a r e r e p e a t e d and a r e g iven b e l o w : 
T 
^B 
T 
- m i ) =^^ /^"^ ) 
^ ^ 
wnere 
a n d 
^ T^Dls) 
D(s) = s + '^ s + X2— • (5 .7 ) 
^ = V ^ ' '^=2Qyw^, 
-2 . i5 K = 2Q (B/w ) - l - 2 G (H-(2Q ) ^) l o o o o 
K 2 = ( 4 Q 2 _ I ) / K ^ 
a r e c l o s e d - l o o p g a i n s o f t h e OA b l o c k s . The p a r a m e t e r s 
w ( =2 TTfo) , Q and G a r e , r e s p e c t i v e l y , t h e c e n t r e f requency 
p o l e - Q and t h e midband g a i n o f t h e BB. Once a g a i n , we assumri, 
f o r t h e i n v e r t i n g summer, an i d e a l OA o r an OA h a v i n g l ^ r g e 
b a n d w i d t h p r o d u c t B a s compared t o t h o s e OAs i n t h e BE. 
The o v e r a l l v o l t a g e t r a n s f e r i s 
T (s) = - a , N ( s ) / D ( s ) (5 .8 ) 
o 1 
where D(s) i s g i v e n by (5 .7 ) and 
H(s) =s^ I- (2- ^ ^ . W'^W^—T^'^-\S'] ' 
(5 .9 ) 
E q u a t i o n (5 .8 ) r e p r e s e n t s a most g e n e r a l t r a n s f e r f ionction 
from which t h e r e m a i n i n g s e c o n d - o r d e r f i l t e r s , v i z . , HP, DE 
1>0 
V^j^O—^ 
^Bpo-^'^m^ 
VlP 
Ca) 
R4 1 
.1. fiAAMA- •••c) 
R-
(b) 
OV(^p 
4,—oVo 
Pt^.S.2(a):SCMAUMAHN*S CIRCUIT AS BASIC BLOCK 
(b ) ACTiVE SUMMER 
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and AP, may easi ly be obtained by an appropriate adjustn.oric 
of coeff ic ients a . Table 5.2 gives the coe f f i c i en t - re l a t ions 
required to reduce (5.8) to the desired form, together viita 
the resu l t ing t rans fe r functions. 
In the r ea l i za t i ons , two d i s t i n c t cases are poss ib le : 
Case I - When a l l the coeff ic ients , a , are of the samj 
X 
sign, v i z , , in the r ea l i za t ion of HP f i l t e r and B3 f i l t e r 
having k A w /w < (1-JfQ ) ^; Case I I - when the coeff ic ients 
are of the dif ferent sign, v i z . , in the r ea l i za t ion of !•£' and 
BE f i l t e r with k > (l-^Q^^) ^ 
o 
Both the cases are realized with the OA summer, shovm 
in Fig. 5.2(b) . In case I, the circuit is used as simple 
inverting summer by closing S- and keeping S at P . The 
coefficients are 
aj = Rp/Rj, ag = R^/R^, a^  = ^/^I (5.10) 
In case I I , the c i r c u i t i s used as a general summer with s 
open and S^ at P ^ . Here the coeff ic ients are 
a^  = Rp/R^, ag = R^/R^, a^  = R /^R -^ (5.11) 
where a' is related to a. by 
a^ = a^/(l+a^ + a^ ^ + ^ ) • (5.12) 
5 . 2 Ejfect pf._Summgr^s.pr__Bu_ffer' s Pole 
In t h i s section, we inves t iga te the effect of a 
p rac t i ca l (non-ideal) summer, whose OA i s character ised by 
(1,2) on the p-^rformance of the biquads of the previous sec-
t i o n s . A s imilar consideration i s present for the f i l t e r s 
of chapter 4 and of reference 37, when an OA buffer i s addjd 
-16 2-
TABLE 5.2 
F i l t e r R e a l i z a t i o n s with Schaumann's C i r c u i t as t h e BB 
;Type of 
I f i l t e r 
1 
i 
1 HP 
1 
i 
i 
BE 
AP 
! 
R e q u i r e d C o n d i t i o n 
P r e s e l e c t a. , 
^B= ^ l / % 
1 
P r e s e l e c t a. , 
a^ ( 4Q^-1) 
^ ( ( l - k 2 ) 4 Q ^ - 2 ) 
P r e s e l e c t a^, 
ag = 2a j /G^ , 
.. ,. , _ . _ , . 
R e s u l t i n g t r a n s f e r f u n c t i o n 
2 
a - s 
...i ..._ 
D(s) 
aj(s+w^) 
DTS) 
w* i s t h e n o t c h f r equency 
and k = w /w 
n ' o 
a-j- D C - S ) 
Note: The notch frequency w i s gene ra l and may be made 
l e s s than, equal to or g r e a t e r than the c e n t r e 
frequency w . 
^ o 
-16 3-
t o make t h e p e r f c r m a n c e l o a d i n s e n s i t i v e . T h i s i n t r o d u c e s 
an a d d i t i o n a l r e a l - a x i s p o l e and, a c t u a l l y , makes t h e rilter-th^-<dt. 
o r d e r . The e f f e c t o f p o l e h a s u s u a l l y been n e g l e c t e d by 
assuming a h igh q u a l i t y and e x p e n s i v e OA f o r t h e summer 
( o r b u f f e r ) whose g a i n bandwid th p r o d u c t i s much h i g h e r ^han 
6 4 69 t h a t of o t h e r OAs i n t h e f i l t e r ' . I n i n t e g r a t e d activo-'~c 
f i l t e r s , t h e u s e of d i f f e r e n t and more e x p e n s i v e OA i s r o c 
a t t r a c t i v e from an IC f a b r i c a t i o n p o i n t o f v i e w . I n t h i s 
s e c t i o n , t h e e f f e c t o f t h e l o c a t i o n o f t h e p o l e of summer or 
t h e p e r f o r m a n c e o f an a c t i v o - R g e n e r a l b i q u a d i s i n v e s t i g a t e d 
when t h e comple t e r e a l i z a t i o n , i n c l u d i n g t h e summer, u s e s 
same t y p e o f OAs. 
VJhen t h e OAs a r e r e p r e s e n t e d b y f i r s t p o l e r o l l - o f f 
model / a n a l y s i s of F i g . 5 ,2(b) g i v e s t h e t r a n s f e r f u n c t i o n 
T ' ( s) = — - ~ - T ( s) , Y = 1, 2 (5 .13) 
o s +bY o 
where fo r c a s e I 
b = b^ =B^/(l+aj+ ag+ a^) (5.14a} 
and for case I I 
b^l = b„ = BV(1+ a.+a, ) . KZ.I'I.] I = b^  B^/(l . a^.^ 
>Y=2 
B '*^  i s the gain bandwidth product of the summing OA which i -
s 
nominally, equal to the gain bandwidth products of other Ci.-, 
in the biqUad. If an OA buffer is used, b^ = B^, in furthjr 
discussions i t i s implied that'summer" also includes the Cr e 
of OA buffer. 
*The suffix ' s ' i s used to designate Jsarameter of the sximmer 
-16 4-
Equation (5.13) shows t h a t t h e a c t i v e summer i n t r o -
ducjs a r e a l - a x i s polo and makes the f i l t e r t h i r d - o r d e r . 
I r r e s p e c t i v e of the p o s i t i o n of t h e r e a l p o l e , t h e complex 
pol.2s of D( s) are unper turbed and the paramet3rs w and Q, 
def ined for t h e second-order s e c t i o n s , a r e no t n o t i c e a b l y 
a f f e c t e d . Analys is based on the method given by Budak and 
21 
P a t r e l a v e r i f i e s t h e above s t a t e m e n t . The f i r s t - o r d e r 
c o r r e c t i o n s to the nominal parameter values are e a s i l y shown 
21 t o be zero , i . e . , A. w , A Q = 0 . This i s a l so confirmed 
o 
by us ing the s e n s i t i v i t y a n a l y s i s of Soders t rand and Mitra'^ "  
on t h e t h i r d - o r d e r f i l t e r . I t i s found t h a t t h e s e n s i t i v i t y 
pa ramete r with r e s p e c t to t h e gain ban;dwidth produc t of the 
summing OA i s zero, i . e . , S(w , Q; B ) = o . 
o s 
The e f f e c t of po le on the performance of f i l t e r s may, 
however^ be eva lua ted in terms of t h e d e v i a t i o n s in the mag-
n i t u d e and phase c h a r a c t e r i s t i c s . We def ine , r e s p e c t i v e l y , 
rhe magnitude dev ia t ion ( in db) and phase dev i a t i on ( in 
rad ians) by: 
Zi T = 20 f log T ( jw) - log T'( jw)l (5.15) 
L o o J 
{it Arg = Arg T ( jw) - Arg T'(jw) (5.15) 
On us ing equat ions ( 5 . 1 ) , (5.2) and (5.13) with (5.15) and 
(5.16) , we got the express ions for the d e v i a t i o n s as 
AT = 10 log (1+ r^) = 4.34 r^ (5.17-0 
A Arg = tan r = r ( l - r ^ B ) (5.17b) 
whore 
r=wCY/B^, Y=l ,2 , 
and 
-16 5-
S = 1^+ ^ + ^•*- ^^ ' S = ^^ -^  ^ * ^^ 
Tha a p p r o x i m a t e G x p r e s s i o n s i n (5 .17) have been o b t a i n e d , fo r 
^ < 1/ b y expand ing log (1+ r ) and t a n r , and n e g l e c t i n g 
t h i r d and h i g h e r - o r d e r t e r m s i n r . I n a p r a c t i c a l d e s i g n , i t 
i s g e n e r a l l y seen t h a t C may e a s i l y b e made l o s s t h a n t h r e e . 
The e x p r e s s i o n s i n (5 .17) can b e u s e d t o e v a l u a t e t h e 
maximum u s a b l e f r e q u e n c y f o r g i v e n d e v i a t i o n s i n t h e magni -
t u d e and p h a s e c h a r a c t e r i s t i c s . For example , f o r a p e r m i s s i -
b l e change of n o t more t h a n M db i n m a g n i t u d e and F r a d i a n s 
i n p h a s e , t h e maximum u s a b l e f r e q u e n c i e s a r e , r e s p e c t i v e l y , 
I max i" 
B 
Wpi = ~ c ^ ~ t a n P . ( 5 . i a b ) 
I max i 
I f b o t h A T ( = M) and A Arg (= P) a r e s p e c i f i e d , t h e work ing 
f r e q u e n c y r a n g e i s g i v e n by t h e s m a l l e r o f t h e two f r e q u e n -
c i e s i n ( 5.18) , 
The e f f e c t o f v a r i a t i o n s i n B on t h e r e s p o n s e i s a l s o 
d e p i c t e d by t h e s e n s i t i v i t y a n a l y s i s . The i n c r e a m e n t a l 
s e n s i t i v i t y of T ' ( jw) w i t h respectcfeB i s e a s i l y d e r i v e d as 
o s 
S ( T ' ( j w ) ; B ) = — - | ( r + j l ) . (5 .19) 
o s ^_^^z 
N o t e , f o r i n c r e a s i n g t h e maximum u s a b l e f r e q u e n c i e s and 
l o w e r i n g t h e s e n s i t i v i t y , Q. s h o u l d b e made s m a l l by d o s i c n . 
I n g e n e r a l , we s e e from (5 .17) t h r o u g h (5 .19) t'nr;c 
t h e e f f e c t of summer 's p o l e on t h e f i l t e r c h a r a c t e r i s t i c s 
become s i g n i f i c a n t a t h i g h e r f r e q u e n c y . Fo r a w o r s t c a s e 
s t u d y , l e t G^  = 3 ; a t 100 KHz w i t h 741 o r 747 t y p e of OAs 
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having B = 2IT(1.0) M rad/sec , we get 
A T = 0.39 db (5.20P.) 
or the percentage deviation in the magnitude i s 
1^2! - *^3l 
The corresponding deviation in the phase i s 
h Arg =0 .29 rad or 16,7° (5.21) 
and the increamental s e n s i t i v i t y figure i s 
S(T'( jw); E ) =0 .247 + j 0.816 ;r.27) 
o s 
The deviations (5 .20) , (5.21) and the increamcntai 
s e n s i t i v i t y values (5.22) wi l l further decrease by makirq 
C small by design. 
The study demonstrates quan t i t a t ive ly the influence of 
non-ideal summar on the c h a r a c t e r i s t i c s of a biquad. The 
param_^ters w and Q are p r a c t i c a l l y unperturbed. How,DV.;r, 
the effect on magnitude and phase response i s f i n i t e and pre-
d ic t ab le (5.17) and places cons t ra in ts on the r e l i a b l e high 
frequency performance of a biquad (5.18) . Generally, th 3 
phase deviations are more severe than the magnitude deviations 
The two OA active-R biquads when the c i r c u i t i s n.ciao 
load insens i t ive by cascading an OA buffer, the coeff ic ient 
Cy = 1 or by = B and the f i l t e r has smaller magnitude, -. J 
phase deviat ions , ^ence/ such c i r c u i t s maybe expect-;d t^ 
have b e t t e r high frequency, performance as compared to the 
ones using an OA summer. 
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5 . 3 . Design Example and Experimental Resu l t s 
For t h e b iguad r e a l i z a t i o n , we f i r s t design the 
b a s i c block, v i z . , Schaumann's c i r c u i t in the p r e s e n t c a se . 
The des i r ed f i l t e r c h a r a c t e r i s t i c s a re then ob t a ined by the 
adjustments of c e e f f i c i e n t s , a , of t h e surnmer according to 
X 
Table 5 .2 , 
L e t us cons ide r the r e a l i z a t i o n of t h e BB to have f = 
o 
40 KHz, Q = 2 and G = 1 0 . Fol lowing design procedure of 
r e f e r ence 6 3, t h e BE i s r e a l i z e d with t h e following parameter 
and component v a l u e s : 
B =217 (0 .8 ) M r a d / s e c ; w = 2 tT ( 10) r a d / s e c . 
a 
(measured parameters of OA SMC 741) 
K^ = 6 0 , K^ = 0 . 2 5 , o<,= 0 .33 
R^ = R3 = l.OK, R^ = 3.0 ' ^2 ^ 60.OK 
R4 = 79.OK, R^ = 96.OK, Rg = O . 3K . 
The BB i s f a b r i c a t e d using OA SMC 741 and d i s c r e t e r e s i s t a n c e s 
of 5 pe rcen t t o l e r a n c e . The exper imenta l BP and LP responses 
of EB are , r e s p e c t i v e l y , shown in F i g . 5 .3 and 5 .4 . Without 
tun ing the BB, t h e measured va lue of f , Q and G a r e , 
0 0 o 
r e s p e c t i v e l y , found t o be 40 KHz, 2.2 and 1 3 . 5 . We now 
design the summer to r e a l i z e HP, BE and AP r e s p o n s e s . 
Hi^hpJ^sj_Ji 11er: In the HP r e a l i z a t i o n , we p r e s e l e c t aj =1. 
From Table 5.2, we g e t a., = 0 . 3 1 6 and ag=0.0247. On choosing 
Rp =3.8K, one o b t a i n e d R = 12.05K, Rg=l54.0K and R^  =3.&K. 
S-s2d_eiiminatipn f i l t e r : Let us t ake t h e notch f requency v 
as 36 KHz. On p r e s e l e c t i n g a^ = 0 . 3 3 5 , Table 5.2 g ives 
K = 0 . 9 , a-j- = 1 and ag = 0 .0735 . For a choice of Rp=10.0"<, 
m 
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we ge t R^  = 10.OK, R^ = 136 .oK and R^ = 29.8K, 
•Vlj-pass f i I t e r :• In AP r e a l i z a t i o n , we p r e s e l e c t 3^=1. Fro 
TaJDie 5.2, we ob t a in ag : 0.147 and a^ = 0 . 5 8 8 . Using 
(5,12) , a/ i s eva lua ted to be 0 . 3 7 6 . For a choice of Rp = 
10,OK, we ge t R-j. = 10.OK, R^ = 68K and R^ = 26 .6K. 
The ex tens ion of t h e BB t o r e a l i z e above f i l t e r s was 
made us ing OA summer of F i g . 5.2(b) . The same type of OAs, 
v i z . . She 741, and d i s c r e t e r e s i s t a n c e s of 5 p e r c e n t t o l e r a n c e 
vjere used in t h e f a b r i c a t i o n . The measured responses for 
the lip and AP, and BE f i l t e r s a re given in F i g . 5 .3 and 5.4, 
r e s p e c t i v e l y . The exper imental r e s u l t s are i n good agreement 
with the theo ry and on ly s l i g h t d e v i a t i o n in the response^ 
a re n o t i c e d at h igher f r equenc i e s . Such d e v i a t i o n s were 
expected when us ing a p r a c t i c a l OA summer ( s e c t i o n 5. 2) . 
Hovvevar, t he d e v i a t i o n s are n e g l i g i b l e a t lower f r e q u e n c i e s . 
^ • 4 Con cl u_sion_s 
A technique for t h e r e a l i z a t i o n of g e n e r a l b iquads 
from a given b a s i c b lock , having any two types of second-
o rde r responses i s d i scussed , i n d e t a i l s * I t i s i l l u s t r a t e d 
by using Schaumann's f i l t e r as t h e BE. The method has t h e 
advantage cf u t i l i z i n g f i l t e r s e c t i o n s (BBs) of known q u a l i -
t i e s . The f ina l r e a l i z a t i o n s r e t a i n most of t h e advantages 
of the BB. The technique i s usefu l in t h e gene ra t ion of 
genera l b iquads from a number of a v a i l a b l e novel second-
o r d e r c i r c u i t s , having dual r e s p o n s e s . 
The i n f l u e n c e of t h e p o l e , i n t r o d u c e d by a p m c t i c a l 
OA summer (o r buffer) on the performance of t h e f i l t o r , i s 
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s tudied in d e t a i l . Though nominal w and Q remain unper-
o o 
turbed, there are f i n i t e and predic table deviations in r^sgni-
tudes and phase. 
The expressions for such deviations and the maximum 
usable frequencies are derived. These show tha t the effect 
of the real pole i s neg l ig ib le at lower frequencies, however, 
a t higher frequencies ser ious errors may be introduced £ind 
are to be givtsn due considerat ion. Experimental f i l t e r s are 
designed and fabricated and the r e s u l t s show a good confirmity 
with the theory. 
CHAPTER 6 
C_Q_N_C_L_y_S_I_0_N 
The evei^ i n c r e a s i n g emphas i s on t h e m i c r o m i n i a t u r i s a -
t i o n of e l e c t r o n i c ' c i r c u i t s h a s g i v e n g r e a t i m p e t u s t o a c t i v e 
n e t w o r k s . Among them, a c t i v e RC o n e s , u s i n g OA a s t h e £.ct;.V3 
e l e m e n t have g a i n e d g r e a t p rominence due t o t h e i r r e l i a b l e / 
s t a b l e and low s e n s i t i v i t y p e r f o r m a n c e w i t h i n r e a s o n a b l e c o s t , 
and s u i t a b i l i t y t o i n t e g r a t i o n . Now-a-days , t h e focus oi; 
r e s e a r c h i s on t h e improvement of p e r f o r m a n c e and p r o s p e c t s 
o f economica l i n t e g r a t i o n . R e c e n t l y , i t was s e e n t h a t tho 
u t i l i z a t i o n of t h e i n t e r n a l dynamics o f an OA i n t h e des ign 
l e a d s t o g r e a t improvement i n t h e r e l i a b l e h i g h f r e q u e n c y 
p e r f o r m a n c e of a c t i v e n e t w o r k s . I n a d d i t i o n , e x t e r n a l c a p a -
c i t o r s a r e e l i m i n a t e d ; t h i s makes t h e c i r c u i t v e r y a t t r a c t j \"3 
f o r IC i m p l e m e n t a t i o n . Such a c t i v e - R n e t w o r k s u s e o n l y opera -
t i o n a l a m p l i f i e r s and r e s i s t a n c e s and p r e s e n t g r e a t p r o m i s e r,. 
t h e c i r c u i t d e s i g n e r s . 
The p r e s e n t t h e s i s , b a s i c a l l y , d e a l s w i t h t h e a c t i vo-K 
s y n t h e s i s o f n e t w o r k f u n c t i o n s u s i n g (a) d i r e c t form ear! 
(b) c a s c a d e form a p p r o a c h e s . C h a p t e r s 2 and 3 were de""oter 
t o t h e a c t i v e - R r e a l i z a t i o n of g rounded and f l o a t i n g i n d u - -
t o r s , c a p a c i t o r s , FDNRs and FDNCs. T h i s was done w i t h 
o v e r a l l aim of s i m u l a t i n g s t a b l e OA: R components fo r i\i •• , -
t a n c e s i m u l a t i o n and FDNR t e c h n i q u e s t o d i r e c t form sy. ' :" . : : - -3 
I t i s , p r o b a b l y , t h e f i r s t a t t e m p t i n t h e d i r e c t i o n . Tn 
c h a p t e r 4 and 5, two and t h r e e OAs were , r e s p e c t i v e l y , usee 
i n t h e r e a l i z a t i o n of most g e n e r a l b i q u a d f o r c a s c a d e form 
o f a c t i v e - R s y n t h e s i s . The b i q u a d s have t h e v e r s a t i l i t y o f 
-173-
r a a l i z i n g multiple responses. The main r e su l t s and con t r i -
but ions of the work presented in the thes i s are discussed in 
the next section and at the end, scope for fur ther work i s 
ou t l ined . 
S . 1 i^ fai'^  _fies^lts of the Thesis 
In chapter 1, a c r i t i c a l review i s given of the imper-
fect ions in operational amplif iers which, general ly, lead to 
performance degradation in active-R networks. The availdoLi 
techniques for B-s t ab i l i zation against temperature and vol-
tage d r i f t s are examined and i t i s concluded t h a t for the lov; 
component c i r c u i t s , of the type s tudied in t h i s t h e s i s , it-
i s both convenient and economical to use temperature compels'-
t ed OAs. I f voltage f luctuat ions are present , in addit ion, 
a regulated power supply i s recommended. 
Chapters 2 and 3 are devoted to the r ea l i za t ion of L-. 
FDNR-, FDNC- and capacitance- simulators for active-R d i rec t 
form synthes is . The active-R simulators are s tudied with 
the broad objective of using them d i rec t ly as a replacement 
of passive L- and C- components and FDNR/FDNC elements*. The 
Usefulness of the simulators i s judged on the b a s i s of t he i r 
performance in terms of s e n s i t i v i t y , s t a b i l i t y , r e l i a b l e 
high frequency operation and s u i t a b i l i t y to i n t e g r a t i o n . 
In chapter 2, s table active-R simulations for grounded ^nd 
f loat ing inductors , FDNRs and FDNCs are given. All the 
*In contras t , Soderstrand's active-R simulators arc only 
su i t ab le for implementing the L- and C- elements in sic':."_-
71-73 flow-graph approach to network synthesis . 
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c i r c u i t s arc SGGH to have r e l i a b l e high frequency per i icr ipr .c j 
and g ive an improvement i n t h e frequency range of opera t ion 
by a f ac to r of ton o r more over t h e corresponding activ^j RC 
c i r c u i t s . The grounded and f l o a t i n g i n d u c t o r s , GI-A end 
FI-A, r e s p e c t i v e l y , use a component count of one OA wita foi^r 
r e s i s t o r and two OA with seven r e s i s t o r s . They enjoy low L-
s e n s i t i v i t i c s . However, t h e main drabacks &.re in t h e i r 
high-Q s e n s i t i v i t i e s and p o t e n t i a l u n s t a b i l i t y . The induc-
t o r s GI-B and FI-B o b v i a t e the above l i m i t a t i o n s , b u t , r e s -
p e c t i v e l y , r e t a i n the advantages of GI-A and FI-A. In addi -
t i o n , independent p o s t design adjustment of Q i s p o s s i b l e . 
A novel low component FI s imu la to r i s given which uses only 
two OAs and two equal valued r e s i s t o r s . I t has very low 
s e n s i t i v i t i e s and a b s o l u t e s t a b i l i t y . The FI uses lowest 
component count among a l l the a v a i l a b l e c i r c u i t s . Also, th^j 
d i r e c t r e a l i z a t i o n of two GIs from t h e FI i s an a t t r a c t i v e 
f e a t u r e from the p o i n t of view of an IC implementa t ion . A 
modif ied c i r c u i t i s a l so given which i n c o r p o r a t e c o n t r o l of 
Q and L with r e s i s t a n c e r a t i o s . This i s a t t he cos t of m 
i n c r e a s e in the r e s i s t a n c e count by four . 
; c i, ^ ^<^ The grounded and f l o a t i n g FDNRs and FDNCs a re r ^ i 
and s t u d i e d . The grounded FDNR and FDNC s i m u l a t o r s r equ i r^ 
a small number of a c t i v e and p a s s i v e components, however, 
t h e i r f l o a t i n g modes use a l a r g e component count . The a c t i v . 
and p a s s i v e s e n s i t i v i t i e s a re sma l l ; be ing l e s s than o r 
equal t o one in magnitude. At lower f requenc ies , say, f «i 
lOKHz (with OA, 7 41), t h e c i r c u i t s r e a l i z e high Q values 
1±\Q t h e inductance s i m u l a t o r s . 
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In chapter 3/ c i r c u i t s for the simulation of grour.God 
and f loat ing capacitors are given. The capacitor simula-orj 
are c r i t i c a l l y s tudied_par t icu lar ly , with a view of t h e i r 
d i r e c t l y replacing the passive capaci tor in a c i r c u i t . The 
f i r s t grounded capacitor (GC)-simulator uses only one OA -^md 
one r e s i s t o r . I t has very low C- and Q- s e n s i t i v i t i e s ! S^' j 
<rl. The c i r c u i t i s s tab le and rea l i zes medium Q values ov:r 
an appreciable frequency range. For the r ea l i za t ion of higher 
Q values, a two OA GC- simulator i s given. I t r ea l i ze s C~ 
values, which are b e t t e r than those of the bes t qual i ty th in-
film capacitors over a frequency range of about 16o KHz VVJ ch 
741-type of OAs, With s l igh t modifications in the circuit: , 
improvement in qual i ty factor or enhancement in capaci tor 
value i s poss ib le . A general GC- simulator, using an a rb i -
t r a r y number n, of OAs i s given. The previous two c i r c u i t s 
are shown to be i t s special cases for n = 1 and 2. The 
general c i r c u i t i s then studied for the cases n = 3, i ant^ ^ 5. 
I t i s found t h a t the three OA case provides the same C os 
'mr-x 
the two OA simulator, but at the cost of an addit ional OA. 
The four OA simulator i s found to be unstable for pract ; c.~x 
applications,, The five OA capaci tor simulates very hi(^ -li Q 
values (Q„^ = 97oO) ; however i t s use i s , general ly, r o t max 
a t t r a c t i v e on account of large number of OAs and power 
consumption. 
A high qual i ty , f loat ing capaci tor i s also giv^n 
which uses four OAs and ten r e s i s t o r s . A de ta i led s e n s i t i -
v i t y study shows the c i r cu i t to have, in general , low a c t i v j 
and passive s e n s i t i v i t i e s . The simulator, however, reoquir^o 
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c r i t i c a l matching in components. The value of the capeci .01 
i s dependent on the res i s tance r a t i o , k, and i t s qual i ty i s 
also control lable with i t . Realization of idea l capacitor 
i s possible/ however, the c i r c u i t tends to become i n s t r b l e . 
Optimum values of res i s tance r a t i o are suggested from, the 
considerations of s t a b i l i t y and rea l i za t ion of high Q vaju.j.'.;. 
All the capacitance simulators, given in the t he s i s , enjoy 
r e l i a b l e high frequency performance. 
The component simulators are then u t i l i z e d in thu 
active-R d i rec t form synthesis using the (i) immittancc cimu-
l a t ion techniquG, and the ( i i ) FDNR technique. To the b^sb 
of au thor ' s knowledge, t h i s i s the f i r s t attempt in the 
d i rec t ion . In the avai lable active-R r e a l i z a t i o n s , i t i s 
seen tha t the simulators of inductors , FDNCs, ground capac:--
to r s and grounded FDNRs are a t t r a c t i v e . But the f loat ing 
capaci tor and f loat ing FDNR simulators employ a large conpc-
nent count, and the former, in addition, requires compon jr t 
matching. Taking the merits and drawbacks of the circvi_,G 
in to consideration, a c r i t i c a l study shows tha t the Irnri t t -nc: 
simulation method i s a t t r a c t i v e when the or ig ina l passi\ 'o 
c i r c u i t has no or very small number of f loat ing capaci tors . 
In the FDNR technique, both, f loa t ing capaci tors and f:.c:itir. 
r e s i s t o r s (in the o r ig ina l s tructure) are required to b3 „ c . . 
VJith 741-type of OAs, the c i r c u i t s , p r a c t i c a l l y , behave --s 
i dea l components in the midfrequency range, i . e . , from abcut 
2.5 KHz to 5o KHz, and d i rec t L, C and FDNR replacements r r 
p o s s i b l e . In the frequency ranges, where simulations b^^li-^^' 
es non-ideal elements, the loss component i s to be duly 
taken in to consideration in the design. P r a c t i c a l applicc-
-177-
t i ons of the d i rec t form techniquGs we»Cdemonstrated Ly 
designing actlve-R f i l t e r s with the simulated components. 
The f i l t e r s were fabricated in the laboratory . The exparl-
mental r esu l t s in a l l the cases, are found to be in close 
confirmity with the theore t i ca l ones. 
The technique i s also used in the r ea l i za t i on of a 
s ine wave o s c i l l a t o r , which uses only two OAs and four resis-
t ances . The dependence of B on b ias voltage of the OA hr^.s 
been used to advantage in making the o s c i l l a t o r a variejolj 
frequency one. The theory i s experimentally ve r i f i ed . 
Another technique i s also considerjd, whore activ- "< 
c i r c u i t s are rea l ized from act ive RC c i r c u i t s by simpj.s re-
placing the grounded and f loat ing capaci tors with the sirr-.-
l a t ed ones. In t h i s way, active RC c i r c u i t with proven per-
formance and qual i ty may be rea l ized in the OA:R form to 
be tcer su i t IC fabr ica t ion . However, in the method, the 
frequency range of operation i s not improved; i t i s tha t of 
the or ig inal active RC c i r c u i t . The technique i s a t t r a c t i v e 
when the or ig inal s t ruc tures contain, predominatly, grounded 
capac i to r s . The method i s also experimentally ver i f ied with 
good r e s u l t s . 
In chapters 4 and 5, r e su l t s of the inves t iga t ions 
made on the cascade form of active-R synthesis are giv^r.. 
A technique for r ea l i z ing a two OA multifunctional biqu--c-
r a t i c c i r c u i t i s given in chapter 4. The c i r c u i t i s car'c:..-c 
in the use of OAs, which i s a t t r a c t i v e from chip area u^ v 
power considerat ions, especia l ly , in a high-order f i l t e r . 
Important second-order f i l t e r sect ions are obtained simnly 
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by open c i rcu i t ing and/or short c i r cu i t ing some resistcincos. 
The f i l t e r parameters are adjustable with res i s t ance r a t i o . 
Some of the l imi ta t ions are tha t AP response i s not obtained 
with the present scheme and some of the Q-sens i t i v i t i e s for 
LP-A, BP-B and the BE- f i l t e r s are high; being proport ional 
2 to Q or Q . In t h i s respect , a s imi lar two OA c i r c u i t given o o 
37 
by Kim and Ra i s sup3rior . However, our c i r c u i t i s b e t t e r 
from -~-' • res is tance spread and count point of views. A gene-
r a l drawback with the above type of avai lable two OA mult i-
functional biquads i s t ha t the output i s not always avai lable 
a t the output terminal of the OAs. In such cases, the per-
formance i s lo^d s e n s i t i v e . To overcome t h i s / an addit ional 
OA buffer i s required. 
A technique for generating load i n sens i t i ve , most 
general b iquadra t ic active-R c i r c u i t s i s discussed in 
chapter 5. Three OAs are used in the r e a l i z a t i o n s . The 
scheme employs a second-order active-R sect ion, having any 
two types of responses (as the bas ic block) , alongwith, an OA 
summer. The method i s shown to r e a l i z e a l l types of standard 
responses. As an i l l u s t r a t i o n , a c i r c u i t given by Schaumann 
i s used as a bas ic block in the r ea l i za t ion of a l l standard 
f i l t e r responses. Same type of OAs are used in the complete 
c i r c u i t , including the summer. The effect of using a prac-
t i c a l (non-ideal) OA summer i s c r i t i c a l l y s tudied. I t i s 
seen tha t the influence of the real pole of the summer (or 
buffer) on xhe f i l t e r s performjjnce i s dependent on th ^  
frequency range of operat ion. The effects are n e g l i g i i l e ? t 
lower frequencies. However, at higher frequencies these are 
s ign i f ican t and requi re due considerat ion. Quanti tat ive 
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r e s u l t s on magnitude and phase deviat ions and the rriaximurn 
usable frequency are given. 
6.2 Scope for Further Work 
Some problems are suggested in t h i s sect ion, which 
are based on the r e su l t s of the work presented in the thes i s , 
These may contr ibute to further work on the synthesis cf 
active-R networks. 
i) In the present t h e s i s schemes, s ingle-pole modjl cf 
an OA i s used. I t i s adequate in the frequency range of 
about 200 KHz with 741-type OAs. At higher frequencioo, 
excess phase in OAs cause serious deviat ions in the p^ r i c r -
mance and, sometimes, lead to i n s t a b i l i t y and o s c i l l - t icns. 
The trouble i s obviated i f the OA i s represented by rt n^c re 
exact model, e .g . , the two-pole model or the excess phas,; 
model. Activo-R c i r c u i t r e a l i z a t i ons may be attempted usir.o 
such models. The r e su l t i ng c i r c u i t s w i l l have a b e t t e r big''. 
frequency performance. Also these may give saving in the 
number of components. 
i i ) All the component simulations studied in the 
t h e s i s are, ba s i ca l l y , those of non-ideal elements. Tne 
non-idealness of the components i s , p a r t i c u l a r l y , s ign i f i can t 
at higher frequencies and i s to be taken in to consid^rat icn, 
Hence, a design method may be developed which accounts r-_-
the use of non-ideal s imulators . Also, attempt may b , rr ; j 
to r ea l i ze act ive-R grounded and f loat ing inductors , c -•.ci-
t o r s , FflSIRs/FDNCs, which remain ideal over the compl-^te 
frequency range of i n t e r e s t . This may require a circu:^':. „_-
higher act ive and passive component count. 
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i i i ) The f loa t ing capacitor and FDNR use a large num-
ber of active and passive elements. Semi-cr i t ica l component 
matching i s also required. Work may be done in finding b e t t e r 
c i r c u i t s which use a lower component count and do not require 
element matching. 
iv) Work may be done on rea l i z ing current and voltage 
type active-R generalized irnpedance converters (GlCs) *. These 
may, subsequently, be used in obtaining active-R synthesis 
techniques using GICs. 
v) The avai lable two OA c i r c u i t s of general biquads 
(which do not use act ive or passive summers) are load sens i -
t i v e in rea l iz ing some specif ic responses. Inves t iga t ions 
may be made at finding a sii™Llar two OA multifunction biquad, 
which i s i n sens i t ive to loading, alongwith, having the qual i -
t i e s of the c i r c u i t s given in reference 37. 
vi) Generally, the signal handling capab i l i t y and dyna-
mic range of activo-R netwoi^ks are poor. In the t h e s i s , t h i s 
aspect has not been inves t iga ted in d e t a i l for the c i r c u i t s , 
and may form pa r t of future work. Also, e f for t s may be made 
to inves t iga te s t ruc tures which have improved signal handling 
c a p a b i l i t i e s . 
The suggestions made above, are, mainly, based on the 
work presented in the thesi;3. I t i s already seen tha t most 
of the performance degradations in active-R networks are, 
bas i ca l ly , due to the imperfections in a p r ac t i ca l operat icnpl 
* .. Antoniou, 'Novel RC-active network synthesis using 
ger\ere,li7,ed imw.it.-tance eorwerters ' , IEEE Tgans,,, on Giccuit 
Ti2^ory. ^^^^ CT-14, pp. 214-233, June 196 4. 
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amplif ier . Therefore, the area of 'improved OA design' 
needs careful a t ten t ion in order to make active-R c i rcu i t s 
r ea l ly acceptable to indus t ry . . 
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